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ABSTRACT 


CH, (CF,)PC1 (I) was prepared primarily from mono- 


3 
methylation of CF,PCl, using tetramethyllead. Subsequent 


Plvomi nat Lon Or ma WH, jeawcD SbF yielded CH, (CF,) PF, (IL) 


which when reacted with (CH) ,SiSCH or (CH,) .NH gave 


5 


CH, (CF,) PF, (SCH) (PLE) SOGeCE (CF) PF,N(CH3)., CU Je, 


3 
respectively. 


(CF 3) >PF,N(CH,) 5 (V) was prepared from the reaction 


of (CF ,) >PC1IN(CH3) , (VI) and SbF,- (CF) PF (OCH,)N(CH,), 


(VII), which was detected only in trace amounts from the 


reaction between (V) and (CH3) ,Si0CH at elevated tempera- 


3 
tures for several days, was obtained with relative ease 


from (CF.) >PFCIN(CH,) (ViLEE)e and (CH,) 3S10CH,. Compound 


2 


(VIII) was synthesized from (CF ,) .PFC1 and (CH) ,SiN (CH 


2 3)2° 
RiGEreaCtilOnm (Or (lacks Ciereo G)s.Or ai leliee (lls) pee (LV eee ( Vv) y 


3 3/92 i SCH, 


demonstrated the contrasting chemical behavior of chloro- 


(VI) and (VIII) with either (CH,) 3S10CH om (CH 


and fluorophosphoranes, the most striking example being the 
preferred synthetic route for (VII). 
The 1, and 19, nnyespectra sO fa()i ee LV ies ( Vesands.(V.0L1) 


were invariant with temperature and the magnitude of the 
tard values evaluated from the spectra suggested equatorial 


positions for the CF, group(s) and axial positions for the 
directly-bound halogens; assuming a trigonal bipyramidal 


ik 19 tik 
(TBP) framework throughout. The H, F j 


ana P nmr spectra 
of (II), (III) and (VII) were temperature-dependent. The 


low-temperature limiting spectra indicated two different P-F 
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environments, i.e., axial and equatorial, for the three 
ELMOGINeSsmiN ee GLE). two Aiteerent tai al P-F environments for 
the two fluorines in (III), and two different environments, 
namely axial and equatorial, for the two CF, groups in 
(VIII). These temperature-dependent spectral changes were 
interpreted as arising from a slowing down of a ligand 
positional exchange process, or in the case of (III), of 
SCH, rotation about the P-S bond. The latter averaging 


process was also evident in the temperature-dependent nmr 


7 a - 
spectra of FP (SCH,) le.) beh (Gd Dy PF, (SCH, ) (X) and (CF) 


31, 


3 
PF, (SCH3) (XI). Computer-simulation of the 


{ti} nmr 
SpectranOtm (LL) Cll ayer iV) pe (ON Ae apa welLleas 
those of (CF) PF (SCH,) (XII) at particular temperatures 
with specific rate constants gave reasonably good fit with 
experimental spectra. The AGT values evaluated from the 
calculated spectra could be correlated with the "apicophil- 
ICity Otsethe substituents other than fluorine in each 
compound where a "pseudorotation" type of ligand permutation 
process was postulated. In contrast the Ac* value for SCH3 
rotation about the P-S bond in compounds where this process 
seemed to be the most reasonable source of the temperature 


dependency of the spectra,was fairly constant, ranging from 


LO. Os tos bl. Os kcal/mole. 
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CHAPTER ONE 
INTRODUCTION 


Although the simplest phosphorus(y) nalides OPF PF 


Be ee 


SPF, oPcl, and PCl. were known prior to 1900 the chemistry 
of these pentavalent phosphorus compounds received scant 
attention until about 1930 when interest in the deriva- 
tives of these simple compounds was stimulated by the 
discovery of the biological activity of certain organo- 
phosphorus compounds. + Sustained interest in this field 
over the last thirty years is attested to by the 
voluminous literature extant, including much industrial 
patent Titeratere on anticholinesterases (i.e., nerve 
gases) and phosphorus-based insecticides. 

Current interest in synthetic and structural studies of 
five-coordinate phosphorus compounds arises largely from 


observed molecular fluxionality of PF. first observed by nmr 


5 


in 1953.2 considerable development in this area has 
occurred in the last twenty years as a result of improved 
synthetic procedures and handling techniques. These 
studies have provided numerous examples of fluxional 
five-coordinate compounds related to or derived from 

PF. In addition to the interesting problems of 
molecular dynamics, these five-coordinate compounds 
provide a challenge to modern valence theory. 


In 1953 a new branch of phosphorus-fluorine 


chemistry was opened up by the discovery by Bennett, 
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Emeleus, and Haszeldine~ of a direct and easy route to 


the synthesis of perfluoromethyliodophosphines. The 


elevated-temperature reaction of CF,1 and elemental 


phosphorus in the presence of I, yields a mixture of the 


2 
trifluoromethyliodophosphines: 
=. ° 
CF 41 ts Dat I, Aaa (CF) oe (I-1) 
T2enouas “ es 


All other trifluoromethyl derivatives of phosphorus 
are prepared from these three phosphines. For instance, 


reaction of an iodophosphine with HgCl. yields the 


2 


chlorophosphine which in turn can be readily converted 
into a halophosphorane by simple oxidative halogenation 


with molecular halogens such as Cl.- 


CF,PI, + HgCl.————+ CF Pcl. + HgI 


a 2 coy: (152) 


2 


CF PCl, rte cl. ——— cF,PCl, (I-3) 


Schmutzler@ developed a novel and facile synthetic 
approach to fluorophosphoranes utilizing oxidative 
fluorination reactions of variously substituted chloro- 
phosphines with either ASF, one SbF .. The choice of 
fluorinating agent depends on the volatility of the 


desired phosphorane. The stoichiometry of this redox 


reaction is given by the equations: 


3R(Ar)PCl,+ 4MF 


. Retort RAL) PF, + 2M + 2MC1 
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3R5 (Ar,)PC1 le at 3R, (Ar,) PF, 2M MC1l, Cl) 


Halophosphines containing strongly electronegative 
perfluoroalkyl substituents do not suffer such oxidative 
fluorination.> However, ASF, and SbF, can readily 


convert previously oxidized compounds such as the chloro- 


phosphoranes into their fluoro analogs: 


+ yM - 
x(CF,) PCl + yMF ee ale ee yMcl, (I=6) 


5-n 5 


The ready availability of Group V fluorinating 
agents coupled with the relatively mild conditions 
required provide a generally convenient route to a large 
variety of fluorophosphoranes which can be further 
studied. 

Our present interest in pentavalent pentacoordinate 
phosphorus compounds has been focused ontwo principal goals. 
We wish to extend our knowledge of the chemistry of 
five-coordinate phosphorus which, in spite of much 
recent activity, is still relatively untouched. For 
example, the simplest pentaalkyl phosphorane, (CH) 5P, is 
presently unknown even though a variety of more complex 
phosphoranes with polycyclic substituents such as 
homocubane® and adamantane® have been prepared. A 
second area of interest is the stereochemistry of the 
pentacoordinate compounds, a subject which has excited 
much theoretical and experimental interest especially 


over the last five years. /~14 
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The two common pentacoordinate structures, the 
trigonal bipyramid and the square pyramid, are unique 
among structures associated with simple coordination 
numbers in that they provide two distinguishable bond 
types within the molecular framework. Structural 
studies done on the various simple and mixed halogeno- 
phosphoranes as well as the various substituted 
trifluoromethylphosphoranes employing varied physical 
methods have suggested that the trigonal bipyramid is the 
ground state geometry of these simple phosphoranes. 
Notable among such studies are the electron diffraction 

15-17 


work by Bartell and co-workers on PX, ( Kegs eC 1) 


the vibrational studies by Holmes and 
ia 2. 


and (CH,) PF, 
co-workers on the PCL _F series of compounds 


Zemieo 


5-n 
as wellyas those of Griffiths on the series 
(CE eX. (X= Fr Cl n = 1,2), the nuclear magnetic 
347 245-n 
8 


resonance studies by Schmutzler /’ and his colleagues 


on the various substituted fluorophosphoranes and the 
more recent work by Gaveltaee Rens (theme Aelatyes Jesasksaib ble patel 
methylphosphorane series. Almost all of this work has 
been directed toward the establishment of the ground 
state geometry for these simple phosphoranes, and while 
recent studies have centered on the factors influencing 


the positional lability and site preference of the ligands, 


these factors are not yet clearly defined. 
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The five-coordinate compounds studied in this work 
can be divided into two main classes, those containing 
two trifluoromethyl groups, and those containing one 
methyl and one trifluoromethyl group. 

The synthesis and chemical behavior of each of the 
phosphoranes of the type CH, (CF) PXYZ (Xe=er eC ls 
SCH 


Veer tl 62%) Fe, Clr, N(CH.) OCH.) are described 


24 shy 
in Chapter III. A similar development of the series 


(CF) >PXYZ (Xh= Een Yisilsy +Glee0GH and Z = N(CH3).) is 


37 
described in Chapter IV. Nuclear magnetic resonance 
data and resultant structural inferences for these 
pentacoordinate phosphorus compounds are presented in 
Chapter V. 

Energy barriers to the ligand averaging processes 


observed in CH, (CF,)PF and CH, (CF) PF, (SCH,) were 


3 
calculated and the results are presented in Chapter VI. 
Similar investigations were carried out on a series of 
thiophosphoranes (CF) PF 4_, (SCH3) where n = 0,1,2,3, 
and the results are given in Chapter VII. 

A group of pentavalent four-coordinate phosphorus 
compounds was obtained during the course of this work. 
Their synthesis, characterization, and spectroscopic 
data are given in Chapter VIII. Observations on the 
chemistry and stereochemistry of the various compounds 


investigated herein are summarized and conclusions 


proposed in Chapter IX. 


fo Qa = RY SY, 20) , HO eat itt Je 

betitsoasb avs (190 gle <. (OM io t= 2 
walsan eH? Jo Jrsmyolsved sebimte A we eee 
aE Cat hat © (Bris, (HO? fo 4/22 4 75) 2S 


s9nenORST aigeapem teeisw% «VE rotqed? at b 
. tenudapise See? 


5 
Bebesrjg BUsBE Svs bhenl! <d2 o¢ atoltaed que 7 # 
e1sW (pRB gA Fg Bg Gris , tH. 7p 589 ni Rew 7 
-IY sesqeco nt betnozesg 316 etliresy orld "nx 
Yo audxse s fo 300 beisrss sosw saolvepiteeval voli | 


.8)8\1,0 = n seony ROS) os, (49) cones 
Ly 


fy sSngulo oe sky ove este tl 

avvotwaatg sfantiaces-aet smsisvedaeq Fo gieag 2" a a 
‘habs: tide io dakwos bth Snir tonissac: ate Svein - 
 pigbuesmrosge, Ans (MOLES s teoB TSS siaadses a . 

* dd he Bagddewaapdo ttre sergeno nt novle eth BRB | 
Pais UA is enowieieicin Ni a 
— ea159G0 hs Sneriaee sa sored RepaenanbtM 
-AT sagem nf Bomogendy 


a 


ae 


CHAPTER TWO 
MATERIALS, APPARATUS AND TECHNIQUES 
This chapter describes the materials, apparatus 
and techniques used in the course of this investigation. 
Special techniques or apparatus will be described in 


greater detail where applicable. 


High Vacuum System and Techniques 


Due to the sensitivity of most of the starting 
Materials and products of the reactions to either air 
or moisture or both, all manipulations of volatile 
compounds were carried out using standard vacuum 
techniques in a system constructed from Pyrex glass 
including vacuum stopcocks lubricated with Apiezon "L" 
grease. A pressure of less than 10 microns of mercury 
was attained by incorporating a mercury diffusion pump 
into the vacuum system. This diffusion pump is 
separated from the main vacuum system by a cold trap 
held at -196°C with a liquid nitrogen bath and is backed 
by a rotary oil pump. Separation of volatile compounds 
was effected by passing the mixture through a series of 
U-traps cooled by slush baths at different temperatures. 
This procedure is referred to in the text as vacuum 
fractionation. ~ Purification of compounds was generally 
achieved by means of repeated vacuum fractionations 


using slush baths at close temperature intervals. 
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Nonvolatile materials which remained in the reaction 
vessels were handled in a dry box under an atmosphere 
of argon or nitrogen. Aqueous solutions were handled 
in open air since they had been found by experience to 


be invariably air stable, 7647» 


Reaction Conditions 


Most of the reactions were carried out in Pyrex 
tubes of 10, 25, or 75 cc volume. Those expected to 
generate high pressure (> 2 atm) were performed in thick- 
walled Carius tubes of approximately 50 cc volume. 
Reaction temperatures are quoted in appropriate sections. 
In general iodotrifluoromethylphosphines were synthesized 
in a 500-cc stainless steel reactor fitted with a large 
heatable valve. This reactor was heated to 200-220°C 
hOmsa Sg nrsS sin ede barge Ss) Licone sol bath. occasional Ly 
these same compounds were prepared in 75 ml Carius tubes 


heated to 200-220°C for similar periods in a tube oven. 


Materials 


Compounds which were not commercially available 
were prepared by literature methods modified as described 
in appropriate sections. Reagent grade chemicals were 
subjected to simple fractionation to remove gross 


impurities prior to reaction. 
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Instrumental Techniques 


Infrared spectra of gases were obtained using a 
9 cm gas cell with KBr or CsBr windows. All spectra 
were recorded with a Perkin-Elmer 457 spectrometer. 

Mass spectra were obtained on an AEI MS-9 spectro- 
meter, operating at an ionizing voltage of 70 eV. 
Samples were introduced as gases using a heated inlet 
system. 

Routine purity checks and preliminary studies of 
temperature-dependent nmr spectra were done with a 
Varian A60 or A56/60 spectrometer. Higher resolution 
spectra and temperature dependence studies were executed 
using a Varian HA 100 instrument, equipped with a 
variable temperature controller (Bruker) which was capable 
of maintaining temperatures as low as -150°C. The 
precision of the temperature values quoted is + 1°, 
established by calibration of the temperature controller 
and no detectable gradients were present in the sample 
tube .8° Proton spectra were obtained at 100 MHz and a 
spectra at 94.1 MHz on this instrument. Phosphorus-31 
mmr spectra were obtained at 34.6 MHz on a Bruker HFX-90 
spectrometer in Fourier transform mode. Either 5,000 or 
10,000 Hz sweep widths were collected in 8K or 16K data 
points on the Nicolet 1085 computer incorporated into 


the system. The temperature controller on this instrument 
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has the same characteristics as those described above. 

Volatile samples for nmr were prepared under 
vacuum in 5 mm diameter tubes and consisted of approximately 
25% of the compound by volume in CFCl, or cF,cl, eye alia 
some cases a mixture of both solvents, plus a very small 
amount of tetramethylsilane for the internal reference 
for 1 spectra. The fluorinated solvent also served to 
provide the heteronuclear reference and lock for the 
Bruker HFX-90 instrument. In some cases cD,Ccl, or CD CN 
solvents were used to provide heteronuclear lock and 
reference signals. 

Nmr spectra of solid compounds were obtained as 
solutions in either water or acetonitrile. The former 
systems were prepared in air and the latter samples were 
prepared in a dry box under a nitrogen or argon atmosphere. 

Chemical shifts given in this thesis are measured 
relative to tetramethylsilane for proton, CFC1, £or 
fluorine. Phosphorus chemical shifts are quoted relative 


eh Galera: oy but were actually measured relative to the 


4°6 
heteronuclear lock signal and converted to the appropriate 
chemical shift values by adding to this measured value 


the resonance frequency of P relative to the machine 


O 
4°6 
zero obtained with the particular heteronuclear lock. 

Unless stated otherwise all nmr parameters were obtained 


from spectra obtained with the Varian HA-100 or Bruker 


HFX-90 instruments. 
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CHAPTER THREE 

SYNTHESIS AND REACTIONS OF SOME 

METHYL (TRIFLUOROMETHYL) PHOSPHORANES 

Methylation of tetrahalogenophosphoranes CF PX, (X = 

F, Cl) with reagents such as ‘oesvasaghire ap AL nae or tetra- 
methylleaa? gave the methyl (trifluoromethyl) phosphoranes 
CH, (CF) PX,- The preparation of a series of derivatives 
of this system was undertaken to provide possible insight 


into the effects of electronic factors on the chemistry of 


phosphoranes. 


Experimental 


A. Preparation of Methyl (trifluoromethyl) trichlorophosphorane, 


Methyl (trifluoromethyl) trichlorophosphorane, CH, (CF) - 


PCl,, was prepared either by the careful chlorination of 


CH3(CF,)PC1, prepared according to the method established 


by Burg, >74 or alternatively by methylation of CF,PCl, with 


3 4 
feaerers.©* Although the latter route required a reaction 


period of several days, repeated vacuum fractionation and 
was a relatively low-yield reaction, it was the preferred 
route because CF,PCl, is easily prepared and (CH3) ,Pb is 
commercially available. On the other hand, preparation of 
CH, (CF) PC1 is tedious and requires the initial preparation 
)PCl 


of (CH,) 5P. Most of the CH, (CF used in this study was 


) 3 


therefore prepared by the second method as outlined below. 
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In a typical reaction CF,PCl, (5.736 g, 23.89 mmoles) 


was condensed onto ‘\CH,) ,Pb (So, 9 9,3 70tWsolutionyin 
toluene) in a 75 cc reaction tube; this was sealed under 
vacuum and agitated for several days at room temperature. 
The reaction was taken to be complete when precipitation of 


(CH PbCl, an insoluble white solid, ceased. The desired 


che 


products CH, (CF,)PC1 (1.500 g, 6.82 mmoles) was separated 


yu 
from the toluene solvent under vacuum and collected at 


—VOlCe wmLnGrarededataetor CH, (CF) PCL are given in Table 1, 


3) 
nmr data in Table 3 and mass spectral data in Tables 4 and 5. 


B. Reactions of CH, (CF,)PCl 4. 


(i) Alkaline hydrolysis 


Treatment of CH, (CF) PC1 COOLS0 gPpElesoiemnele) with 


3 
about 0.5 ml degassed saturated NaOH solution for several 


days gave CF 4H (0.040 g, 0.580 mmole). The nmr spectra of 
the nonvolatile products in the hydrolysate showed the 
337734 


presence of CHaEOne TONS 


(ii) Neutral hydrolysis 


Hydrolysis of CH, (CF) PC1 (O27 205 .0),4.0. 4 /.o.1m01e) swa.ch 


3 
neutral water yielded no CF iH and the nmr spectra of the 


hydrolysate showed the presence of CH, (CF,)PO, ions.> 


(17h), (CReacticon with (CH) ,Si0CH, 
The main phosphorus-containing product of the reaction 


between CH, (CF,)PC1, and (CH,) ,Si0CH, varied depending on 


> ile “a 


7. % 


—4 ri ‘ mal 
ee nontau dali 5p: a 
; 7 ‘ 7 ves | 
& he tgs gel aie Se a ciae & a 
a yaaa ‘agkianee > 2 Eom | 


ybb lersives as pe rtin, & bee EES 
; bis nokiat ke) 2034 aatw svsiqaes a1 2° A Te) atu ry? 
; ’ | 
fheziaeh sAt beanie ‘Bifec so iaw o Lit feast rs sade 15) 


keeamadal aay (antovei,2h.2 «e 002-1) (¢S08i, 5) cam ote 24 
“¢ a 


aeiaw “Woliwb maw anes 


«97 ritmae cunt eet as 
- a ae - 7 


: 

: i 

. sq Beeee blot bie muvsey Puy snevlge ste viat ih ‘ 

: rae 

eb wtae ais pevig ats Pe ks ee ish bripetnt ee - 
: ; : _ tal 
0 uf * > _ 7 - ae 

+ 8 bee > ebf¢eT ak cdéb [sntoats <anrtae © eeaet ae =steb 3m 


i “iz Lw, Keo L oti i eF . is *t 4 £ * al) if {cy “; 1D) ib te sear 


fenaye? abd noise he ued 2 mee SegeRWOn ta 2.0 Seed 


a So-syd0eqs san pit, | (afin oer ).8 0200) a, 99 ovep eyeb 
o > : = . : ‘- 


at. haute. edezyiortid viitnk efubow, st.atoeweg 


bE. rt : 
A = oP . mei m9 40 anand 
ere : 


ele Sys ny resp 
ibiw (oteaten are, fyb 802/0) pe i; sneer a6 siete nd 
ay to ‘sashe oy sv ‘iY bes Sn i on dvibiacy: sow es 

re * sano Pe os 
— on ay, He So: oviaae v2 atch cal ste 


me = 
ie) “ne .¢ . ; 
| 7 Mees ; a) “ah 


de2e 


the stoichiometry of the reactants. A 1:3 mole ratio of 


CH CF,)PC1 (CF) P (0) OCH 


3! 3 5 8 3 3 
whereas a 1:1 mole ratio yielded mainly CH, (CF,)P(0)Cl. 


to (CH) SiOCH, yielded CH 


Lhd sevnloalereacti on, CH, (CF) PCL (One 03407, gs. S35 


3 


mmoles) was condensed onto (CH) ,Si0CH Oa SORE OS 


3 
mmoles) in a 5 mm diameter nmr tube, sealed under vacuum, 

and gradually brought to room temperature. The sae nmr 
spectrum obtained after 24 hours showed that the reaction was 
far from complete. The mixture was then agitated for about 

6 days and vacuum fractionated. CH, (CF) P (0) OCH, CO Olmag y 
1.61 mmoles) was collected at. =45°C trap... infraredsspectro- 
scopy of the -84°C fraction showed it to be a mixture of 


(CH (combined mass, 


3)3 


SiCl and unreacted (CH) ,Si0CH, 
O73 O65 G5C). CH,Cl and very small amounts of (CH,) ,Sicl and 
(CH,) ,Si0CH, were trapped at -196°C (combined mass = 0.095 g). 


Traces of an unidentified compound was found in the -63°C 


trap. 
In a’ reactiom with 1:l mole#gratic CH3(CF,)PCl, (Os 541) -G, 
2.46 mmoles) was condensed onto (CH) ,Si0CH, Ui o pee, 


2.45 mmoles) in a 5 mm diameter nmr tube. The tube was seal- 
ed under vacuum and agitated for several days at room 
temperature after which the contents were vacuum fractionat- 
ed. CH, (CF) P(0)C1 was collected at -45°C together with 

and a small amount of CH.- 


3 3 
From the total mass of the -45°C fraction 


trace of unreacted CH3 (CF3)PC1 


(CF) P (0) OCH,- 
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(0.383 g) and the relative proportions of CH, (CF,)P(0)C1 to 
CH, (CF) P (0) OCH, (26:1 by nmr) the quantities of CH, (CF) - 


POY} Gr (2.22 mmoles) and CH, (CF) P (0) OCH (0.09 mmole) were 


3 


estimated. Other products of the reaction as identified by 


infrared spectroscopy were (CH Sslcl. (0.259 49, 72.40 mmoles) 


23 
which was trapped at -96°C, unreacted (CH,) ,S10CH., trapped 


at -116°C together with more (CH,) ,Sicl (total mass, 0.008 
g). A trace of this same mixture and CHCl (total mass, 
Oellien. approx, 2.2, mmoles) awasiicol lected at =196°C, 

Nmr data for CH3 (CF) P(0) OCH, and CH, (CF,)P(0)C1l are 
given in Table 15, ir data in Table 14, and mass spectral 


datasltor CH, (CF) P (0) OCH in tables 16.and 1 /sof Chapter VIII. 


3 
(iv) Reaction with (CH) ,SiSCH, 


CH, (CF,)PC1 (0.324 g, 1.47 mmoles) was condensed 


3 


onto (CH,) ,SiSCH (0.208 g, 1.73 mmoles) in a 10 cc reaction 


3 
tube. The reaction tube was sealed under vacuum and 


agitated at room temperature for six days. An inseparable 


mixture of CH, (CF) P(S)C1 and CH,SSCH, was collected at 


=(3 Ceebrom tie cocal Mass, OL this iLraction (0,050.9) and 


CiealLeldulvempropOoLeLons s(oyenmr jr. the: individual squantities, OF 


CH, (CF,)P(S)C1 (0.86 mmole) and CH,SSCH (0.11 mmole) were 


5 
estimated. Fluorine-19 nmr spectra of the -45°C fraction 


showed it to consist of CH, (CF3)PC1 and CH, (CF,)Pc1>*P ae 


3 
approximately equal amounts plus two unidentified phosphorus- 


2 
fluorine containing compounds (¢, = 72.2 ppm, Jp_p = 77 Hz 
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(Cr Peleeegeils dp =p755 Lippm; fapic = 92 Hz) (combined mass 
= 0.052 g). A mixture of (CH) ,81Cl and unreacted (CH) ,- 


SiSCH, (combined mass = 0.194 g) was identified in the 


2 
—9oeCwiractiontbynantraredmsvectroscopy./ tihei -L96°C 
fraction was similarly shown to consist of CHCl (~9 mmoles) 


and small amounts of (CH) ,Sicl and (CH) ,S51SCH, (total 


mass, 0.044 g) 


(v) Reaction with (CH,) ,SIN(CH.). 


CH, (CF,)PC1 (0.114 g, 0.518 mmole) was condensed 


53 
onto (CH,) ,SiN(CH,), (OP LOseg 7s OU. 9237mmole) Ginga lOoece 
reaction tube and sealed under vacuum. The reaction tube 
was brought up to room temperature, agitated overnight 

and the volatile products vacuum fractionated. Infrared 
spectroscopy of the volatile fraction showed it to consist 
of a mixture of (CH,) ,Sicl and unreacted (CH,) ,SiN(CH,) , 
(total mass, 0.105 g). Among the identifiable phosphorus- 
containing products were CH, (CF) PC1([N(CH3) 5] and 

CH, (CF,)PC1 N(CH.) , with the former in greater amount. 


An unidentified white non-fluorine containing solid was 


also formed. 


Cc. Preparation of Methyl (trifluoromethyl) trifluoro- 
Phosphorane. 
Methyl (trifluoromethyl) trifluorophosphorane, CH (CF 3) - 
PF3, was prepared either by fluorination of CH (CF3)PC1, 
using SbF,, or by stoichiometric methylation of CF,PF, 


3 
. 30 
with (CH) ,Sn. 
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A typical fluorination reaction consisted of condens- 


ing CH, (CF,) PCL (0.749 g, 3.40 mmoles) into a reaction 


3 


tube containing sublimed SbF, (1.26 g, 7.07 mmoles); this 


5 
tube was sealed under vacuum and then agitated for about 
three days at room temperature. The volatile products 
were vacuum fractionated to give a nearly quantitative 
yield of CH, (CF,)PF, whichawas collected at —96°C. 

A typical methylation reaction consisted in 
co-condensing CFPF, (0.811 g, 4.61 mmoles) and (CH) ,Sn 
(Ono 70"g 78S. 9 mmoles)" in ag25.cc reaction Cube which) was 
then sealed under vacuum. After agitation at room temp- 
erature for about three days the reaction tube was opened 
under vacuum and the volatile components transferred into 
a fresh reaction tube. Approximately 20 mole % (0.8 mmole) 
additional CF,PF, was added to the reaction vessel before 
it was re-sealed under vacuum and agitated at room temp- 
erature once again. This procedure was repeated two or 
three times until the fraction at -96°C, which contains 


the bulk of the product CH (CF) PF showed no 


3 any 
trace of (CH,) ,Sn. The yield of CH, (CF,) PF, in this 
synthetic route varies according to the scale of the 
reaction, ranging from 17% obtained with an initial 
charge of 10 mmoles of CF PF, Up scOe/Ss Witheoan nerd 
charge of half this amount. The principal advantage of 


this procedure is that it provides pure CH, (CF,) PF, which 


is otherwise very difficult to separate from (CH) ,Sn by 
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fractionation Pechnigues Jee 
Infrared spectral data are given in Table 1, mass 


spectral data in Tables 4 and 5 and nmr data in Table 3. 


De Reactions of CH. (CF) pr 
a ee 


(i) Alkaline hydrolysis 


Treatment of CH, (CF) PF (0.143 g, 0.834 mmole) with 


3 
0.5 ml degassed 10% aqueous NaOH solution under vacuum 


gave no CF.H even after three days agitation at room 


3 
temperature. The nmr and ir spectra of the fractions 


showed the product of hydrolysis to be mainly CH, (CF,) PO, 


ions. The presence of HF, ions?° was also indicated 


by a broad peak (o5 =) L505 5 ppm), 1.nithe mee nmr spectrum. 


Use of saturated NaOH solution under similar condi- 


tions gave CF 3H in-the volatile fraction and eieeo 


and F- (o, = 121.0 ppm) fons. oe aneehe aqueous solution. 


GiijiiNeutral hydrolysis 


Treatment of CH, (CF) PF with degassed water yielded 


3 
ions as indicated by the nmr spectra. A 


CH, (CF) PO, 


sharp peak at 9, =128.0 ppm in the Loe nmr spectrum is 


assigned to F ions. 


(iii) With (CH,),SiOCH, 


CH3 (CF) PF (0.112 g, 0.651 mmole) was condensed 


3! 
onto (CH) ,Si0CH COO Slag pe 400 mmole fF inva Los cc 


reaction tube and sealed under vacuum. The sealed tube 
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was gradually warmed up to room temperature and vacuum 
fractionated after about ten minutes of reaction. Infrared 
and nmr spectra of the different fractions showed the 


products of the reaction to be CH (CF,)P(OCH,)F,, trapped 


3 


with small amounts of CH (CF ,) P (0) OCH 


3 3 and CH3 (CF3)P(O)F 


ate OS Ce (cota pamass 60705 omc)i (CH,) ,SiF was collected 


Se Oe BCOGe Lie raw it hinreacted CH, (CF,)PF, and 


(CH) ,0 (tora bemasisi—a.0. 07980) .. 


ReaclionlOte aAved.» l:2 molar, racic. ot CH, (CF) PF CORE eye 


3 


g, 1.08 mmoles) to (CH) ,Si0CH (0.188 g, 1.81 mmoles) was 


5} 
attempted under the same experimental conditions, this 
time in a 5 mm diameter nmr tube. The nmr spectra of 
the system after 10 minutes showed that a reaction had 
commenced but had not proceeded to completion. The 
products, as identified through the nmr spectrum, were 
CH, (CF,)P(OCH,)F., a trace of CH, (CF,)P(0) OCH, and 
(CH,) ,SiF. 


Awl oemMoLar, TractlosOL CH, (CF) PF (0.181 g, 1.06 mmoles) 


5 


to (CH3) ,Si0CH (0.329 g, 3.16 mmoles) was likewise 


3 
combined in an nmr tube and found to yield products 
Poentercal COmCHOSe.  necieru: leandel:2 mole: batiton in 


essentially similar proportions. 


(iv) With (CH,),NH 
A gas phase reaction between CH, (CF,) PF, (ON OU ait, 


2.13 mmoles) and (CH) .NH (0.148 g, 3.29 mmoles) was 
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carried out with the amine added in small portions at 
0°C, in a reactor described elsewhere .°° This temperature 
was maintained for about 30 minutes after which the 
products were vacuum fractionated. The monosubstitution 
product, CH, (CF) PFLN(CH,),, was collected at -23°C 
(OV2Z06*g) Lv05lmmoleés)’. 9-Excess (CH,) ,NH COR045 sg 7 ..00 
mmole) was trapped at -196°C. The solid residue left 


in the reaction vessel was found to consist of (CH,) .NH,” 


4 
Infrared spectral data for CH, (CF,) PFN(CH,), are 


‘ iu 
and CH, (CF) PF ions according to ly and or nmr spectra. 


given in Table 2, nmr data in Table 3, and mass spectral 


data in Tables 4 and 5. 


(v) With (CH.) ,SiSCH, 


CH, (CF,) PF (0.275 g, 1.60 mmoles) was reacted with 


3 


3 (0.147 g, 1.23 mmoles) at room temperature, 


After agitation for 2 days the system was vacuum fraction- 


(CH) ,S1SCH 


ated. The bulk of the desired product, CH, (CF ,)PF. (SCH), 
was trapped at -45°C with a small amount passing through 
EOeche 65 -Cetlapycivingein: totalea 100% yield (O0n24384g, 
1.24 mmoles) of the desired methylthiophosphorane. The 
volatile fractions consisted of (CH) ,SiF and excess 
CH, (CF,) PF, (total Mass), 00179: 9).. 

Infrared spectral data for CH (CF) PF, (SCH, ) are 
given in Table 2, nmr data in Table 3, and mass spectral 


data in Tables 4 and 5. 
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E. Reactions of CH, (CF) PFN(CH.).° 

(i) Alkaline hydrolysis 

CH, (CF) PF,N(CH,), (0.105 g, 0.532 mmole) was agitated 
with 0.5 ml degassed 10% NaOH solution for several days 
at room temperature. Nmr spectra of the hydrolysate 


indicated the presence of N(CH 
34 


a _ 
3) 545 and CH, (CF 3) PO, 
A sharp peak at es =120.4 ppm in the 19, nmr 
35 


ions. 

spectrum was attributed to F ion 
Use of saturated NaOH solution resulted in the quan- 

titative liberation of CF 4H and (CH,) NH. Nmr spectroscopy 


of the aqueous solution showed the presence of CH.,PO 3 


; Sais 
ions.33/34 
(al Nel oaleEnyarolysTs 
N j = 
Treatment of CH, (CF) PF, (CH), with HO gave CH,(CF,) 
PO, and HF, (dp = 149.8 ppm) ions. 


Coit). With (CH) ,SiOCH , 
No reaction was observed between CH, (CF,)PF{N(CH,). 


(0.235 g, 1.194 mmoles) and (CH SLOCHS ECO ORG, 


3)3 a 

1.44 mmoles) at room temperature even after several days. 
The reaction tube was then heated to 96°C and kept at 
this temperature for nearly five days during which time 
some white solid formed on the walls of the tube. The 
volatile products were removed and fractionated under 
vacuum. Nmr showed the contents to be mainly the start- 
ing materials and a small amount of (CH,) ,SiF. The 


quantity of white solid was insufficient for characteriza- 


tion. 
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FP. Reactions-of CH, (CF,)PF,(SCH,) . 


(i) Alkaline hydrolysis 

CH, (CF) PF. (SCH, ) (0.100 g, 0.5 mmole) was agitated 
with 0.5 ml of degassed 10% NaOH solution for several 
days after which the contents were fractionated under 


vacuum. CH,SH (0.0213 g, 0.444 mmole) was collected at 
-116°C while the hydrolysate contained CH, AO,” Nene: 
Two peaks ($, = 120.9 ppm; $, = 148.8 ppm) in the ‘°F 


spectrum were attributed>> to F. and ae ions. “Use of 


saturated NaOH resulted in quantitative yield of CP H 


leaving F , CH3P0,” Wena ee 


(CF 


and Choe (t = 7.90) 


in the hydrolysate. 


(ii) Neutral hydrolysis 
The hydrolysis of CH, (CF) PF. (SCH) (O20; 
0.601 mmole) in neutral medium yielded CH3 (CF,)PO,” in 


the hydrolysate and CH,SH (0.022 g, 0.462 mmole) in the 


3 
volatile fraction. Peaks assigned to F (op = 121.0 ppm) 
and HE. (op = 150.0 ppm) ions were observed in the 9p 


spectrum of the hydrolysate. 


G. Synthesis of (CH,) ,SiSCD, 


(GH SiSCD, was prepared by reacting (CH,) ,SiN(CH,), 


3/3 3 
(1.330 g, 11.4 mmoles) with cpeeH (05647 «g 7) 125.57. mmoles) 
for three days at room temperature. The yield of the 


deuterated silylthioether was 75.6% based on the initial 


amount of (CH) ,SiN(CH,), used. 
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H. Synthesis of CH (CF) Pr. (SCD.). 


3 
upon (CH,) ,SiSCcD, (0.087 g, 0.706 mmole) and the reaction 


CH, (CF) PF (0.140 g, 0.813 mmole) was condensed 


Vessel swaseaGi tated ator s2ahourssats0°C. —8This caveta 


98tny veld (051392 gq, 0.685emmole) of the deuteroth ioe 


methylated phosphorane based on (CH,) 3SiSCD, consumed. 
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TABLE 1 
Infrared Spectra of Methyl (trifluoromethyl) - 


trihalophosphoranes® 


CH3(CF,) PF, CH3(CF,)PCl4 Assignment 
ee ener ee eee ree RRR pie Sen perenne nme 
- I c0rs | FagCF, 
eS Zw. LS 25a. 
is 1245 m | 
v 
1153 s 1190 s oP 
961s = 
Som = Vp-p 
828 s = 
73:3 1 740 m mS CF, (?) 
s 580 m Ve P=Ci 
= 540 m GIN 
sym 
eae To - 
v 
466 w 488 m ( P-CF, 
ce ee ee ee Be ee 
= Gas Pphnase spectra, all values in cmt, S ="strong, 
Hie= Meal unl, = We=. Weave)" ="sStretching, +d = deformation, 
Sym = symmetric, as = antisymmetric, ? = very tentative. 


These assignments are tentative and based mainly on avail- 
able data for related compounds. See for instance,;snef. 41, 
ros. 
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TABLE. 2 
Infrared Spectra of Methyl (trifluoromethyl) - 


difluorophosphoranes* 


: b 
CH3 (CF) PFN(CH,). CH, (CF,) PF, (SCH,) Assignment 
- 2976 m 
2952 om 295m 
2882 m 2911 vw Yo-H 
2834 m 2841 vw 
- 2771 w 
- 1436 w c 
7319 m 1316 w as CH3 
1299 m 1266 s Os ymCH3 (7) 
E212 3s 1214 s 
1186 s 96s “ 
1136 s HiAyes P-CH., ack, 
1067 w 1076 vw 
1027 vw 
1022 s YP-NC, 
- 971 m 
897 s 891 s Vv 
= 859 s ane 
809 s 799 s z 
771s 769 s Peewee 
- 712m 
666 s 643 m fe) Cheat ae 
601 m 607 m Ree 
511 m 583 s 
473 m 471 s Vv 
436 w : 3 
[8Gas phase Spectra, all values in chien s = strong, 
m = medium, w = weak, v = stretching, o = deformation, 
sym = symmetric, as = antisymmetric, ? = highly tentative. 


b These assignments are tentative, and based mainly on 


available data on related compounds. See for instance, 
rete al L035. 


& of  ) —" jee: - ro 
pers wHiage3ec tin. AT? 
“eon nu he Cite = a a 


uw 
% 


m Sees 
ae 5ee en 
m SERS ~~ 


aa 


<> 
i Mrm +09" 


oN 


igfahise- =v Joey = 6 ae ri 
Cmca 7 eb ieee - r. 


bis » \aewlev. J ote tase 


m 
SvFRe Imad 926 
cas Boston ae we 


tate 


*paepueqjs 

JO PTOTF YSTY 02 BoUeUOSAaI But AeoTpuT sentea sat jtsod ‘(AzeTTTded) pizepueqs Teurejxe se 99% *sa wdd a 
piepueqjs jo 

PTET YSTY OF DOUPUOS|T BUTIEOTpUT SenTea aaTjTSod UTM paepueRqsS a °t99 (JUSATOS) TeUTajUT 07 sATIeTOI wdd ¢ a 


O°OT = 1 SoueTTsTAyJoweiqs} TeuraqUT 07 aaTAeTaA wdd 1 


Os 


5098 47°92 
0S 482 (0° 8T 2067 
gI8°L ¢ - ¢ ¢ 
O'sT - = = LT -Z*ZT OO O'BT BPT 08 zLZT 8°69 4°02 ,90°S OE (“uos) “aa(®ao) “Ho 
Bata Zece Sich e eee 
De ete Cgee CDS OT TOT Tyl cca f7et Sugoneec see te ete (no) n° aa(* ao) *Ho 
497°9 ae am 
eee eo EeGTae199eccig) f6hT —ytOv" 7-9 say aimey a ("H90) a(€a9) "Ho 
Braco rary 
Speer Liter 1 cl STASI W C781 99ST. “Orgs cise 0 -0l0 Iss gece ay ©1(H90) a("a9) “Ho 
eZOT 19°98 
= ee . soto _ yO'S< ——.00T ae 
ES OC ener arereren oats ean aa(“a9) “Ho 
eo Naor 0 ey ct cp a= GC y) = eon umen, ©toa(€ a9) *Ho 


d € 
ihe 
da. di. Ha, Ha. Ha, Hd, Hd. dd, dd, “9 7: a? 


or RRS ener nee eee ee ee ee ee ee 


souvroydsoydorey ( TAyjouoxzonqt 3143) TAN TOF eReq UWN 


1 dwaj, punoduoy 


€ ATIavo 


SOE FS Let esel Ber ORR O-BEL OL0N. F-1E rien G "4 
12-8 


> Of - 9) Ret 2 2,88 oe 2. spy Te BAe 970 
— = : 
De a Soak HE 


J en ee ee ee) eS cats “96 
> a i. 


25. 


*sqeaTdyi2 ba. xe 
peoiq AtaA JO YaTQnop e ‘funzjqoeds awu 3UTITWTT Jey einjetedwaj-mMoT jo uotZe21 gq TefTszoj,enba wo rz < d- ae 


PeATOSer JOU 


OF}e1I ARTSUSIUT T:E:€:]T Jo Joqazenb e ‘unajoeds awu HL Jo uotsuedxe wo1rg d 


fod 


ba q- 
wnijoeds 38uTITWTT die ainjersdwej-MoOT worljz pajentens ~letaojzenbe J d. 


wnizoeds BUTITWTT g_ aainqeiodwaj-moT worj paqenteae  TPTXPI-d 


ids r 


t 


sd TPRXY 


™ 


Teftszojzenbs 4 


TETXe J 


dnoaz3 EHO 


sqetdta3 yo yeTqnop e ‘dnois ©(fyo)N 


S2eTQNop Fo AsTqnop e ‘dnoasZ fH90 ; SsjoTdT12 Jo yeTqnop e ‘dno3z3 H90 7" 


S3eTGQnNop FO YeTqnop e *g uo fH z SJeTd~T1q JO YeTqnop e ‘*g uo fH9 D 


(penuTtjUuod) SHLONLOOT € ATAWL 


| oa 5) — satay 
a ao ett Po ae r 4 _——_ = oi a « ae _ — 
Ls 7 = ‘eaalerer 2 to ‘pci que 


ant dingt tt Situs (RET WOE mort — 


mMIJIIge 


FP 


misdueqe shijimrl ~nicryeensnambmnd) DARIEN 


: . . _ 
ol3ea1 “tisnesht £:L:€:1 to teziaep A morsoaae aan ul 


@ 
= 


20. 


saeatuo ‘aetoa9 Te year SET 

a°too §* toa g0°T LET 

Sto a°Ho S9°0 OST 

© Loan 95°0 IST 

Cra°a0°HD 19°Z ZST 

Cra®ao°Ho "S°Y Trl OT" z¥°9 EST 

snes SHO Ty" TE‘0 ST 

Ser ite 6£°0 0L°9 LST 

naae ao le? SST 

Bont st Tee 69T 

“toact 40) “Ho 1S" TLT 

© (buy naace dd) fu9 Of 0 SLT 

(us) aa(an) *Ho SD T8T 

© (Eh) ne aae ao on 7 Z8T 

(fuos) aa’ ao eter S8T 

© toa ao tot S0z 
ee eee ee ee eee 

(98) “aa(an) "Ho © (fu) no aa(E ao) “Ho €t94(© a9) “Ho © za(€ a9) Eno 
ap heunE ey pAlfsuequy 3/u 


a nS ee ee es 


soueroydsoydousebot ey ( TAyZeworONTIT413) TAIN TOF eed Ter}DedS sseY 


pb dIavo 


20. 


Toaa@ Ho 62 eo 


a°TOH fsa Ho 


to’aa ‘H&aa®uo 


anacH’9 


aNd H’ 9 
aa 


citi 


oan 


an asH 9 
gan© (£49) 


(fu9s) “aa 


Ctoa uo 


fToHD 6a7 49 


a°tod ‘aan 


a°toan 


aNd HD 


c 
dN bear as 


(Sus) “adeno 


anos 


aN’ aHO 


c 


coe 
Oc AL 


7a 30 


L8°9 


eg 
c9°0 
EGa0 


NS ae) 
847°0 


Tee 
L?.0 
oOay 
SSO 


NE AS 
ca) 


ELL 
cae) 


(PeNnuTAUOD) F FITGVL 


Lon, 
OTC 


EO 
vhs AG: 


61.21 
E9=S 
08°? 
C2 0 


rEg 8, 
78°0 
8S°S 
L6°9 
MEST VE 


ISAS 


0L°0 
86°0 


OOT 
TOT 
cot 
€OT 
70T 
SOT 
SOT 
LOT 
80T 
60T 
GEV 
ELL 
C8 ig 
ah 
61T 
figeat 
ECT 
Sigil 
6CT 
Let 
raed § 
vasd 


> 


—_ 

i a 

m ? 
——« 


< i 
<= ae 
¥ t 


q 
otdt ..4 
xrel 


203 


c Cc 


sa°uo “dNa “HO 


Sd HO 


Sd”HO ‘dNa°HO 


d Tod AES 


dT0dH 

a 

teal 

san’ 

sa‘n’o ‘gan’ (&y9) 


aoa 


Cc 
d aH 


dT04°HO 


Ove 


90°OT 


(Sy) 
Lo 20 
LS°0 
ome 


ey 10) 


Stat 
ORE G 


£9e0 
tO 


Shae 


OTE 
{ype 
Poi (6 


OG 18) 
cOeL 
370 
O70 
ee 10) 


na O 
68°0 


t7 0 


OST 


(penuTtjzuods) F FTEVAL 


SE CE 


eps) 


80°T 


cig 
SE es 


Ey) 


Ss at 


LOSS 


09-01 
66°71 


Ome 
7320 
Coat 
Some 
aw) 


Oaey. 
SoD 


G9 
09 
69 
OL 
CL 
ie 
GL 
LL 
BL 
6L 
T8 
C8 
€8 
78 
c8 
98 
88 
68 
€6 
76 
L6 


86 
66 


“651 > 


an 


e 2a0 @a.0 


29. 


au 


Can 


néno 


n’n eo 


nono ca0 


dHO ‘SO ny Sy 


a°HO “ee arta hae) 


5°H9 n87%9 


oe es 


aH 


aH 
3 


Leh Oe cut 


66°C 


Sa 
86°9 
BOY, 
eee, 
Vee 
Sis 
Sl 


99n0 


LG 1 
AS "A0) 


c8°0 
ay 
67°S 
Some 
CGs8 
yAO) 
Se 8) 
69=0 


ae 19) 


Veen iS, 
TomO 
2o4 0 
vO 
87°0 


(penutjUuos) 


bv ATaVL 


AGS 


OTH 
CEAL 


82°0 
GET 
Loe 


78°0 


ae 
78°0 


78°0 
6€°T 
Cort 


BS 
OF 
2 
Cy 
oY, 
Jes 
o7 
abe 
Ly 
84 
6% 
OS 
TS 
€S 
GS 
95 
LS 
8S 
TY 
co 
tg 
Se 


mortesgesge ¢ 


Oz 


d°39 


BY. OEE. st? 
A | a 
BEETS Fas 22 HRS 


nm > 
° 
_ 
a : + _ - - i. * 


30% 


SUOT JO SeT TSUdUT Sy JO wNS By} UO peseq UOTReZTUOT TeI03 


PO€MULYR 19; eerb ge ih TM 
$ se pesserdxs st AjAtsuejury 


fe} 


*ATuo uotyZtubosez 
JO oseo AOF eTNUATOZ TeAN}ZONIzAAS |y} FO suze} ut usaTbh ore suot oewos jo SjuswUbtssy 


q 


1s 


i Se se eee 


7y%9 


da. a> 
HN °HO ‘HAO. ‘dH 
aH 


(penut zuUod) 


v ATV 


7OaE 


O€ 
igs 
ce 
€€ 


mn 


ot aes 
— : - . ot Isto # ee | Ae soveoaias 
oo ¢ S82 to wire add no beard aentestnod ranges " 

=a — - i a d 
; 30 gens wo® siamo? fewdyourte sid io ae? Sai ese Na ee 


ResulrcsmanatDiscussron 


A. Synthesis, Characterization and Reactions of CH, (CF) PX, 
Previous studies on the basic hydrolysis of (CP,) PXo 


(X = F, Cl; n= 1, 2, 3) series of compounds have indicated 


that basic hydrolysis generally cleaves all but one P-CF. 


linkage, leaving ena ions in the aqueous solution.?'34 


Investigations on (CF) 3P (NR) 
26a,b 


D and (CF ,) 3PFNR, 


systems indicated that these trifluoromethylhalo- 


phosphoranes behaved similarly. Under similar conditions 
of strongly basic hydrolysis the halogenophosphoranes 


3) 3P% (X = F, Cl) suffered cleavage of all but 
one CF, group to leave CF, (CH) PO, © Tons in epilnedan. oe 


Thus the present methyl (trifluoromethyl) phosphorane 


CH (CF 


series might have been expected to exhibit parallel 

behavior to the non-methylated trifluoromethylphosphoranes. 
Recently however, unusual hydrolytic behavior has 

been observed in the (CH) P(CPJ oy (TL) ="259 3) wand 


: ‘e N 
CH, (CF,) ,PY series of compounds (where Y OCH. (CH,), 


or SCH.) in which all of the P-CF., groups were cleaved 


3 
under conditions of strongly basic hydrolysis to be 


liberated as CF,H leaving CH,PO,” ions in the aqueous 


solution.?4 Use of 10% NaOH solution in some cases gave no 


CF,H, and CH, (CF,)PO, ions remained in solution. Thus 


the cleavage of CF, groups in these methyl (trifluoro- 


methyl)phosphorane systems is complex and heavily 
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5). 


dependent on the strength of the medium and the nature 


of the compound. We have found that complete cleavage of CF, 


groups occurs for CH, (CF) PX, Ge. =e Cli)eand CH, (CF) - 


PFY (Y = N(CH.) 5, SCH.) systems in parallel with the 


28a 
observations of complete cleéavage*oracy. for the systems 


| 


H F = A i i 
Cc 3 (C 3)3°% GY, OCHes,; N(CH.) or SCH.) This behavior 


3 
clearly indicates that the CH, (CF) PO 


2 


resistant to basic hydrolysis as CF PO, and that the 


rate of hydrolysis is affected by the species present 


ion is not as 


in the hydrolysate. 
Equations III-l to 8 express the hydrolytic behavior 
of the various methyl (trifluoromethyl) halophosphoranes 


and their derivatives. 


= r + 
+ ——_+ 2 CE)iP - 
2CH, (CF) PF, 4H.,0 CH, ( 3) O., aul kas ol (III-1) 
a PO © = H © Re 
CH, (CF) PF, 50H Srey 3c 0. + 3F + CF, 2H,0 (III-2) 
= + - 
Pp pains 
CH, (CF3)PCl, + 2H,0 —— CH, (CF) 0, + 4H + 3Cl (III-3) 


Ss ‘ + err Om ri c—4 
CH, (CF,)PC1, 50H CH,PO, + CFH BC 2H. ( ) 


oe eo Oe CH (CE. ) PO seek? pe 
CH, ( 3) PF,N(CH,). 2 3 | 3) 2 Zk (III-5) 

os + 

+N (CH,) 5H, + 2H 


+ = bOree 
CH, (CF,)PF,N(CH,), 40H arma Olah : CF, 


ay eo os H50 


ads 
N(CH) ,H 
(III-6) 
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“HOR + «(iam 1) ,HO 


= + of 
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=> 
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2 + CH,SH 


tHE, + oH 


CH (CF) PF, (SCH) ar 2H,0——* CH, (CF) PO 


Ghid if) 


CH3 (CF) PF, (SCH3) + 50H aimee oe + CF 4H + CHS 


Pa? hi + 2H,0 


(tart 3) 


Both CH, (CF,)PC1, and CH3CF ;PP. react with (CH3/ 57 


Si0CH,, even at 0°C, with the chlorophosphorane reacting 
much more slowly than the fluorophosphorane. Further=- 


more, the mole ratio of the reactants influenced only 
the proportion, not the nature of the products. With 


CH3(CF,)PC1 the products obtained were CH, (CF,)P(0)Cl, 


Zu 


CH, (CF) P (0) OCH (CH,) ,SiCl, and GH. Cls Equimolar 


3 3 
proportions of the reagents led to a greater proportion 


of CH, (CF,)P(0)C1 whereas an excess of silylether gave 


CH, (CF) P (0) OCH as the major product. This may be 


6) 
rationalized as the result of a sequential substitution 
process (eqs III-9 to III-1l1) involving perhaps 

CH, (CF) P(OCH3)Cl, as a fast reacting or unstable inter- 
mediate which has not been isolated or identified. For 
this reason this compound is enclosed in [] brackets. 

We note that the analogous difluoride (vide tnfra) is 
easily obtained suggesting that the dichloride is a 


reasonable intermediate. 


CH (CF,)PC1, a (CH) ,S10CH, ——+ [CH, (CF,)P(OCH,)C1l,] 


(III-9) 
a (CH,) ,Sicl 
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[CH, (CF) P (OCH,)C1.,] ——+ CH, (CF,)P(0)Cl + CHCl CLIEI—10) 


CH3(CF,)P(0)C1 + (CH) ,Si0CH ——> CH, (CF) P (0) OCH 


3 3 


(III-11) 
J (CH,) ,Sicl 


Equation III-11l would explain the greater proportion 


Oe CH, (CF) P (0) OCH relative to CH, (CF3)P(0)C1 when 


3) 


(CH) 3Si0CH, was in excess over CH, (CF,)PC1.. This reaction 


(eq III-1l1) occurs only to a very minor extent when the 
reactants are ina 1:l mole ratio. 

ineconcrasc, CH, (CF,) PF. reacted with (CH) ,Si0CH, 
EOu LOE (CH3).,0, (CH) ,SiF, and#varying proportions of 


CH (CF 3) P (OCH,)F CH, (CF) P (0) OCH CH, (CF,)P(OCH,) 5Fr 


Di eis 
and CH, (CF,)P(O)F depending on the length of the reaction 
period. The following sequence of reactions represented 


by equations IITI-12 to III-15 may account for these 


observations. 


CH, (CF) PF, mE (CH,) ,Si0CH —— CH, (CF,)P(OCH,)F 


" , econ ben -abep 
+ (CH,) 351F 
CH, (CF) P(OCH,)F, + (CH) ,SiOCH, —— CH, (CF) P(OCH,) 5F 
(III-13) 
+ (CH,) ,SiF 
CH3 (CF3) P(OCH,) ,.F ——* CH, (CF,)P(O)F + (CH,),0 CLI 4) 
P 
CH, (CF3)P(0)F + (CH,) ,Si0CH, ——~ CH, (CF3) (0) OCH, Baan 


+ (CH,) ,SiF 
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One can further speculate on the mechanism of the 


reaction between CH, (CF) PF and (CH) ,S10CH by consider- 


3 3 

ing the following observations.| First, the proportion 

Of CH, (CF) P(0)OCH, in the reacting mixture observed at 
arbitrary time intervals was always greater than that of 
CH,(CF,)P(O)F, suggesting therefore that the process in 
eqentivi5, is faster than that Of eg ITlil—14. "Second, 

we notedgthatei1£ithe productimixture of CH, (CF,)P(OCH,)F., 


CH, (CH,)P(OCH,).F, CH (CF,) P(O) OCH and CH, (CF) P(O)F 


3° 
was allowed to stand at room temperature for several 
weeks, the proportion of CH, (CF,)P(O)F in the sample 
increased with a concomitant decrease in the amounts of 
CH, (CF,)P(OCH,)F, and CH, (CF) P(0) OCH, and the eventual 
disappearance of CH, (CF) P(OCH,) oF. In addition dimethyl 
ether was produced. An isolated relatively pure sample 
of CH, (CF,)P(OCH,)F. remained unchanged after several 
weeks at room temperature indicating that the above 
transformations arise from secondary reaction between 

the various products and not from inherent instability 

of CH, (CF) P(OCH,)F.- These observations can be 
explained by assuming that the following reaction 


(eq DTil<-16)joccurred tneadditionhtoseqglili-i4s 


+ P (O) OCH 
CH, (CF,)P(OCH,)F, CH, (CF,) (0) OC , UE 


2CH3 (CF,)P(O)F a (CH,),0 


Citar — 16) 


Thus two possible routes to the formation of (CH) 50 can 
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be proposed but to date neither of the processes described 
by eqs III-14 or III-16 have been verified by independent 
experiments. It is notable that the formation of methyl 
fluoride, analogous to eq III-10, proposed as a reaction 
step for the chlorophosphoranes, does not appear to be 

an accessible route for the decomposition of CH, (CF) P- 
(OCH,)F,. 


Liei1sinotselear why CH, (CF) PF and CH, (CF) PCL 


3 3 
behave so differently but it is reasonable to suppose, 
since (CH) ,SiF and (CH,) ,81C1 were formed in appropriate 
amounts, that the initial metathetical replacement of a 


halogen by the OCH. substituent is common to both systems 


3 

and that the observed differences arise from the 

secondary reactions suffered by the products. Thus the 

unique formation of (CH,) 50 from the former and CHCl 

from the latter are the notable differences which require 

explanation as well as the fact that the trifluoro- 

phosphorane produced both the mono- and bis (methoxy) - 

substituted phosphoranes, CH, (CF) P(OCH,)F., and CH, (CF,)- 

P(OCH,) ,F, the latter being the most likely source of 

(CH) 50 (eq ITI-14), although other routes (eq ITI-16) 

are possible, while the chlorophosphorane produced no 

detectable amount of methoxy-substituted chlorophosphoranes. 
One possible reason for the differences in stability 

and reactivity and the initially formed products may 


be in the character of the substituents involved, Cl, 
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OCH, and F. An internal intramolecular rearrangement 


can be proposed (Fig III-1) for the elimination of 


CHCl from the initially formed postulated intermediate, 


CH, (CF3)PC1 OCH, (eqaTII=10), 
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Fig III-1 


This process (an internal nucleophilic substitution 


reaction) ©? is likely to be much more feasible for the 


chlorophosphoranes because Cl is a much better leaving 


9 ; 
groups than either F or OcH ves Equivalent bimolecular 


processes involving the postulated intermediate with 


itself or CF, (CH,)PC1 can eaSily be written. 


3 


In contrast fluorophosphoranes are less likely to 


suffer such internal displacement reactions because F is 


a poorer leaving group than een This difference can 


explain why CH (CF) P(OCH,)F. was apparently much more 


3 
stable and was indeed readily isolated from the reaction 
system. The stability of CH, (CF,)P(OCH,)F, leads to 
subsequent substitution by (CH) 3S10CH, with the resultant 
formation. of CH, (CF3) P(OCH,) oF. This species appears 

to decompose to CH, (CF,)P(O)F and (CH) 20 and the process 


can be depicted as an internal nucleophilic substitution 


itd + Ht t9)\49 -—_—— 
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reactions (higwli.- 2) eof CH, (CF) P(OCH,) oF, now involving 


OCH, which is a better leaving group than F, leading to 


the observed products given by eq III-14. 
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As before equivalent bimolecular processes can be written 
to yield the same overall products. 

The effect of different leaving group character 
of substituents is to therefore greatly alter the overall 
chemistry of the two systems. In the absence of more 
detailed information, further speculation is unwise. 
However, it is clear that there is much interesting 
substitutional chemistry of pentavalent pentacoordinate 
phosphorus to be done. In the present case additional 
investigations of the reactions described above are 
needed to establish where possible the validity of 
equations III-9 to III-16. Likewise, establishing the 
groups in the CHlCland 


3 3 
(CH) 50 products by means of isotopic labelling (for 


PALULGULADAODLGIn Olathe CH 


example, preparing OCD, phosphoranes and following their 


3 


reactions) would likely prove rewarding. 
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3) grt eH was - 


analogous to its reaction with (CH,) ,Si0CH 


The reaction of CH (CF,)PF, Warten CH 


3 except that 


only the monosubstituted thiophosphorane, CH, (CF) PF,- 
(SCH,), was formed and in excellent yield. This compound 
was stable at room temperature for a period of 

several months. in Shatp conthast,. tne trichloro— 
phosphorane yielded the thiophosphorylchloride, CH, (CF) - 


Poy Cl, and CHCl, rather than the analogous thiophos- 


phorane, CH (CF3)PC1,(SCH,), a behavior reminiscent of 


3 


the reaction of CH, (CF) PCL with (CH,) SiLOCH*saltheugh 


3 3 3 
the products are somewhat different. Again it seems 
reasonable to suggest that the dichlorothiophosphorane, 


CH, (CF) PCL (SCH,), 1s first formed by means of the expected 


2 
metathetical! substrtutiont (eq TII=-17 analogous to eq III-9) 
but this compound is unstable and decomposes in the 

same way as that suggested for the oxy analog (eq III-10), 
perhaps involving a process similar to that postulated 

for CH, (CF,) PC1, (OCH, ) depicted*in. FiguretIilI=1.*.Thus 


the behavior of the system is expressed by eqs III-17 


and III-18. 


CH3 (CF,) PCl + (CH,) ,SiSCH —— [CH, (CF) PC1, (SCH3) ] 


= 3 


(III-17) 
+ (CH,),SiCl 


See + Oa - 
[CH (CF) PCl, (SCH,) ] CH, (CF) P(S)C1 CH, (III-18) 
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The presence of CH, (CF,)PC1 and CH,SSCH, indicate that 


another decomposition route involving oxidation and 
reduction processes (eq III-19) exists for the postulated 


intermediate CH, (CF,)P(SCH,)C1 in addition to methyl 


oi 
chloride elimination (eq III-18). The detection among 


the products of CH (CF) PCl and other unidentified 


3 


phosphorus-fluorine compounds whose nmr parameters in- 
dicate a trivalent state for phosphorus suggest that a 


mutual redox reaction involving the phosphorane and another 


mole of (CH3)3SiSCH, (eq III-19) can occur. 


3 


[CH,(CF,)P(SCH,)Cl.] + (CH,),SiSCH, —————~> 
er: 2 Im oe 3 (III-19) 


CH, (CF,) PCL oF CH,SSCH, 


This process is important in this system because CH,S 


is more readily oxidized than CHO. 


While the reaction of (CH).,.NH with (CF. )~ PCL 
342 Sa ri 5-n 


(n = 2,3) resulted in a mixture of both (CF) 3PCIN(CH,), 


and (CF P[N(CH,).] from (CF,) ,PCl, or (CF) >PCL N(CH), 


26a 


oe 


and CF P(N (CH ).1,+ from (CF PCiv, its reaction with 


Jace MP 3 


CH, (CF) PF yielded only the monosubstituted product, 


3 
CH, (CF,)PFN(CH,),, together with hexacoordinate species 


4 
of ALts 1 nmr spectrum (Fig. III-3). These differences 


CHa [CE PE which was identified principally by means 
in the extent of amine substitution may have arisen from 
the greater lability of the P-Cl bond relative to the 


P-F bond. 
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The formation of the hexacoordinate anionic species 
CH, (CF,)PFy~ is not surprising: since the trifluoro— 
phosphorane CH, (CF,) PF, should be a rather strong Lewis 
acid considering the high electronegativity of both the 
CF. and the fluorine substituents. Hence the phosphorane 


read yeast Laccs. a Lluoridem. on accordings Lo the 


following equations: 


+ 
CH, (CF) PF, 2(CH,) .NH ——~ CH (CF) PF,N(CH,). 


3 t (raT=20) 
aac) NU eee 
CH, (CF,)PF, + F  —— CH,(CF,)PF, (III-21) 
and the overall reaction is: 
F + 
2CH, (C 3) PF, 2(CH,) .NH ———> CH, (CF) PFLN(CH,). 
io ee (Git—2 2) 
+ 
(CH) NH, + CH, (CF,)PF, 


in agreement with the observed 1:1 stoichiometry of the 


reaction. 


19 r= 
The F nmr spectrum of CH, (CF3)PF, 


consists of two resonance regions, one is a doublet of 


(FicmEni—3) 


Gitnvecsewithearl.-4:so:4 cls anuenadl ty rdtloO, scene Other, 

a doublet of multiplets, the line intensity ratio of 
which was difficult to assess because of the breadth 

of the lines. This multiplet structure within each 
portion of the major doublet was interpreted as arising 


£rom a partially overlapping quartet: of quartets due to 
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coupling of the observed directly-bound fluorines with 


the CF, and CH 


Of-the tirst Signal was assigned to the eee group which 


Groups. ine doublet of “quintets’ uprield 


is coupled with the four directly-bound fluorine atoms. 
The i1onic structure compatible with this interpretation 
is the octahedral structure with the cH and CF. groups 


possessing a mutual trans relationship (Fig III-4). 


Prgures] 11—4 


The aminophosphorane CH, (CF,)PF,N(CH,),, is stable 
to disproportionation in contrast to the related 
aminofluorophosphoranes, CHEPFN(CH3) 5 and CH3PF,N(CH,) 5, 
which after three weeks at room temperature rearranged 


to the isomeric salts according to the following 


equation: 28 


— - 
HPF [N(CH,) 51], <P CoH PF Chi 2.3) 


2C 6H PFN (CH3) 5 peewee 5 


6 


CH, (CF) PF,N(CH,), remained unchanged even after being 
heated to 90°C for several days. Similar stability was 
observed for (CF) PF5N(CH,) 4 (chapter IV). The observation 


that the diethylamino (phenyl) phosphorane, C HEPF3N(CiH.) 54 
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was unchanged even after six months at room temperature 
has led to the conclusion that special conditions are 
requinedmforuthis isomerization to occur. 38 
The resistance of CH, (CF) PF,N(CH3), to P-F bond 
cleavage is further demonstrated by its lack of reactivity 


with (CH,) ,Si0CH even at elevated temperatures. These 


5 
observations are in complete agreement with those reported 
on attempted disubstitution of other trifluorophosphoranes 


with either -SR or “NR, groups.” 


Bae Masse opeceray 


The trihalophosphoranes CH, (CF) PF, and CH3(CF,)PC1, 
did not exhibit any parent ion peak in their mass spectra, in 
keeping with the usual behavior of phosphoranes. *° Pheiinela— 
tive abundance of the accurately measured mass fragments 
suggests that cleavage of P-CH., is nearly as easy as cleavage 
of P-CF,, for example, CH,PC1,” (0.54%) and CF,PC1,” (1.518) 
were formed in reasonably equivalent abundance from 
NS IES HE aes 4 and 5). 

The dimethylaminodifluorophosphorane on the other 
hand showed a peak due to the parent ion (calculated m/e, 
197.0393; measured m/e, 197.0398). A few other amino- 
phosphoranes have similarly shown appreciable parent ion 
intensities. 


The methylthiophosphorane CH3 (CF,) PF, (SCH), did 


not show a parent ion peak in its mass spectrum. 
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TABLES 


Mass Measurement Data for Methyl (trifluoromethyl1)-= 


halophosphoranes 
a m/e 
Compound Ton Calculated Measured 
+ 

CH 
3 (CF4)PF, CF PF, 156.9642 VSGROG4A7 
CH, (CF,)PF," 152.9893 152.9898 
CH,PF,” 102.9925 102.9922 
CH,PF,” 101.9846 101.9846 

i 

PC PC 
CH, (CF,)PCL, cF,PCL, 204.8757 204.8761 
CH,PCL," 150.9039 150.9034 
CF,” 68.9952 68.9952 
CHCl” 49.9923 49.9924 

+ 

PF 

CH, (CF, )PF,N(CH,)» CH, (CF) oN (CH), 197.0393 197.0398 
_ 
CH,PF,N(CH,), 182.0158 182.0155 
CH, (CF,)PFN(CH,)," 178.0409 178.0406 
CH, (CF,)PF," 153.9893 153.9890 
+ 
CH,PF,N(CH,), 128.0441 128.0444 
CH,PFNCH,” aes tenor 119.0124 
+ 

CH, (CF) PF, (SCH,) CH, (CF.,) PF, (SCH) 198.9770 198.9764 
CF PF, (SCH,)” 184.9613 184.9608 
CH, (CF,)PF(SCH,)” 180.9864 180.9870 
CH, (CF,)P(SCH,)* 161.9880 161.9876 
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TABLE 5 (continued) 


dt 
H 

CH, (CF,)PF, 152 

-+- 
CH,PF, (SCH,) 130 

a. 
PF 

CH,PF,, 102 


A reasonable structural formula rather 
formula is given for each fragment ion 
convenience of recognition. 


29893 Us yobe nats Qe) 
B7006 130.9892 
p925 O29 22 


than the molecular 
merely for 
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Nevertheless, accurate mass measurement of some of the 
higher mass fragments indicate that these fragments must 
arise from the loss of CH,, or CF., OY SCH, or directly- 
bound fluorine from the appropriate parent molecule. 


Their distribution may be correlated with the relative 


ease of the possible bond cleavages. 
Gere nerarcds Spectral, 


The infrared spectra of the halophosphoranes described 
in this chapter are supportive rather than conclusive 
evidence of their molecular ground state structures, 
primarily because the number of atoms in the molecule, and 
the low molecular symmetry, provide a complicated ete 
which in the present study has only been qualitatively 
analyzed by comparison with characteristic group assign- 
ments given elsewhere. + The spectral bands observed 
do support the presence of certain structural units in 


41 
these compounds. The four compounds CH,(CF,)PCl,, 


PF_ (SCH th 
CH, (CF) PF CH, (CF) PFN(CH,) , and CH (CF) > 3) a 


on 3 
absorb in the 1300 om) region, indicative of a P-CH, 


a =-1 
bond, oe and in the regions between 1100-1200 cm and 


400-520 cm, which are characteristic of P-CF. clalste palsy eakereys 


NG yh glslobi snap ep CH, (CF,)PF, shows peaks between 820-980 cm 2 


which are indicative of P-F vibrations and similarly the 


al 
trichlorophosphorane shows peaks between 540-740 cm , 


the characteristic absorption for a P-Cl bond in RPCl, 


48. 
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compounds. 41 


In the case of CH, (CF,)PF{N(CH,), the absorption 


frequency of the P-NC. unit ( ~ 1000 cm!) PoWrebisrserlel va hs 


2 


POsTOChEI TY, Since itloccurs: close: to the, absorption 


frequency region of the P=CF grouping. 


3 
Limited data on, and inherent weakness of, P-S-C 


vibrations make assignment of group frequencies arising 

from this structural feature in the infrared spectra of 

CH, (CF) PF, (SCH) less certain but the region at about 

700 cmt has been assigned to the vibration frequency 
Al 


of P-S-CH, grouping and CH, 3) PF. (SCH,) shows bands 


in this region in agreement with expectation. 


(CF 


Conclusions 


The trihalophosphoranes CH, (CF) PC1 and CH, (CF) PF 


3 3 


neoacta very different Ly with (CH) ,S10CH (CH SIN(CH 


Be 3)3 3) 2° 
3) 381SCH,- The reactions can be rationalized by 


considering that the initial metathetical substitution 


and (CH 


reaction of (CH) ,Si0CH, and (CHP LSCH. with the halo- 
phosphoranes is followed by decompositions and subsequent 
reactions with starting materials which can be 
qualitatively understood in terms of the relative leaving 
group characters of the substituents on phosphorus. The 


formation of. CHCl from the reactions of CH, (CF,)PC1 


5 3 
with (CH) 3S10CH. or (CH) ,5iSCH, suggests that both 
reactions follow similar pathways. In addition, the 


detection of approximately equal amounts of CH, (CF,) PCL 


and CH,SSCH, among the products cf the reaction of CH, (CF,)- 


PCl, with (CH,), : 


as an additional decomposition route for the postulated 


SiSCH. indicate a redox reaction (eq III=19) 
dichloro-intermediate, CH, (CF,)P(SCH,)Cl.. 

In contrast, the poorer leaving group character of OCH, 
and F leads to higher stability of CH, (CF) P(OCH,)F., and the 
formation of the disubstituted product, CH, (CF) P(OCH,) oF 
becomes feasible. The formation of (CH,) 50 can be 
rationalized as a decomposition of the latter by a 


similar internal rearrangement (or equivalent) involving 


OCH, as the most nucleophilic site in the molecule. 
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The aminosilane reacted in a straightforward fashion 
with CH, (CF,)PC1.. The only unusual feature was 
the formation of a diaminochlorophosphorane, CH, (CF.)- 


PCI (IN (CH) 015 BnBCOnEMasct to whe monosubstitution Limit 
Si) 


observed for (CF,),PCl.. In general many 


more stable compounds were isolated from the CH, (CF,) PF, 


Sysctemmindieatang the greatermstability* of the fluorides 
comparedatonthe chioridesr 
The mass spectral behavior of the four methyl (tri- 


fluoromethyl)phosphoranes, CH, (CF) PCL CH (CF) PF 


2h) 3 Sy 


CH3(CF,)PFON(CH,) 5, and CH, (CF) PF (SCH) is" siminedarc and 


2 


reflects relative stabilities of the parent ions. With 


the exception of CH, (CF,) PF N(CH,),, none showed a parent 


ion peak. 


The base hydrolysis of the methyl (trifluoromethyl) - 
phosphoranes is rather interesting in that use of 10% 


NaOH solution cleaved only the P-X, P-N and P-S bonds 


leaving CH, (CF) PO, ions in solution. More concentrated 


NaOH solutions cleaved the P-CF, bond as well to give 


CH.PO.. ions. Thus the CH (CE 


Sees 3 3 
alkaline conditions but not to very strong alkaline 


HERO. ions#usestableatoumtld 


conditions. 
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CHAPTERS LOUR 
SYNTHESIS AND REACTIONS OF SOME 
AMINOBIS (TRIFLUOROMETHYL) FLUORO- 
PHOSPHORANES 


Acyclic halogenophosphoranes containing the trifluoro- 


methyl group in the series CF4PX,, (CF,)5PX3, and 
(CF) ,PX, where X = F, Cl or Brel enero have been 
investigated by various spectroscopic techniques. Detailed 


nmr studies of various related trifluoromethylphosphoranes 


containing substituents” such "as" F,- Ci} OSi (CH) OCH 


26-28,42 


se ay 


SCH,, N (CH by Cavell and co-workers have 


3) 2 
indicated that each of the halogens, regardless of its 
electronegativity, appears to preferentially occupy the 
axial position in the trigonal bipyramidal framework. The 
axial preference rule of Muetterties et. aie! which stated 
that the groups of highest electronegativity preferentially 
occupy the axial positions must therefore be slightly 
modified. A small amount of additional data bearing on 
this problem is provided by the present study. 

In this chapter the synthesis and chemical behaviour 


of the phosphoranes (CF PF (X) N(CH). (XPS" PRCA, OCH.) 


3)2 
are described. In general the desired compounds were 


prepared directly from either (CF) ,PFC1," OL (CF,),PCl,- 


26a 


N (CH both of which were synthesized according to 


3) 2 
published methods. 
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Experimental 


A. Synthesis of (CF,) PF N(CH.) 5+ 


Bis (trifluoromethyl) dimethylaminodifluorophosphorane, 
(CF3)5PF,N(CH,)., was first synthesized by Sane 
by means of the reaction of bis(trifluoromethyl1) tri- 
fluorophosphorane with N,N-dimethylaminotrimethylsilane, 
(CH) ,SiN (CH, ).. This approach gave a very low (163) 


yieldtok (CFF) PF N(CH.) and@thnes product, cowldnot be 


342 2h 
properly purified. A better method which gave a nearly 


quantitative yield of pure (CF) ,PF,N(CH,). was the 
fluorination of the corresponding dichlorophosphorane 
26a 


prepared as reported by Cavell and Poulin. 
Infa, typical@reaction} (CF) ,PCL{N(CH.) 4 Cees ie i; 
5.40 mmoles) was condensed into a reaction tube contain- 


ing sublimed SbF The tube was sealed under vacuum, 


3° 
and agitated for several days at room temperature, 
after which the volatile products were fractionated 
under vacuum. Pure (CF 3) >PF,N(CH,), was collected in 
thes=—/ 82CGetrap, (lh. 25eq, 5.00. mmoles, 93% -yield)iae.The 
compound was identified by its spectroscopic properties 


Gir Tablerele nnn sTables/7 mass) spectra, Tablesss and 9) 


which corresponded well with the data obtained by Sawin. °° 
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Be R c3 3 
eactions of (CF,) >PFN(CH,), 


(i) Alkaline hydrolysis 


Treatment of (CF) ,PFN(CH3) 5 (0.404 g, 1.61 mmoles) 
with about 0.5 ml of degassed 10% aqueous NaOH solution 
yielded CF 4H and (CH) ,NH (total mass = 0.143 g) as 
vwohatulesproducts: ely and a nmr spectra of the 
nonvolatile materials left in solution indicated the 


35 44 


, CF,P0,— 3 


presence of F 3P0, and (CH) ,NH, ions. 


(ii) Neutral hydrolysis 


Treatment Ofe( GBs) sPFEN (GH. is with water (0.130 g, 
0.520 mmole) gave no CF H. Instead (Gua HOM and 
(CH) .NH,” ions remained in the hydrolysate as 
indicated by ly and 19, nmr spectra. Single nmr peaks 
corresponding to those of F- (¢, = 120.9 ppm) and HF. 
(4h, = 150.0 ppm) ions were also indicated in the ate. 
nmr spectrum. 


(i111) Reaction with (CH,) ,Si0CH, 


(CF3) PF N(CH), bQe2is g, 1.10 mmoles) was 
condensed onto (CH) ,S10CH, (0.133 g, 1.28 mmoles) 
in,a reaction tube. No reaction occurred either at 
room temperature or upon heating the mixture to 50°C 


for several days. Heating the mixture to 96°C for 


four days resulted in the formation of transparent 
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erystals on the walls of the reaction tube. The 
volatile contents of the tube were vacuum fractionated 


leaving behind an involatile solid which was identified, 


1 : 
by means of the La and 9 nme Spectrasol lalsolution 


GEmathist{solid im CD,CN, as@ajsalie mixture containing 


(CH,) ,N’, (CF) 5P0, , and (CF 3) 5PR,° 45 tonsuttotal 


mass = 0.116 g) plus an unidentified fluorine-containing 

compound (very broad quartet on = Of0/eppmy JeaVU28Hz) A 

fhegvolataletinachiont) (total imasss=p05.293%qg), contained 
SiF CE CH P (ON (CH 

(CH), ER f 3) 9PF(OCH,)N(CH,) 5, ( 3) (O)N(C 3)2 


and unreacted (CF,),PF,N(CH,), and (CH) ,Si0CH.. Since 


the only novel product of this reaction, (CF) PF (OCH,) - 


N(CH) 51 was obtained in better yield from (CF ) ,PF- 


3 
(C1) N(CH,), (BLden ini rajanO. LUBCNeEr AanvestigaGLlLOnsoL 


this system was undertaken. 
(iv) Reaction with (CH,).NH 


(CF3)5PF N(CH.) , (0.362 g, 1.44 mmoles) was 


2 


condensed onto (CH) NHRCORO3/8Gg,60e627 mmole) 


2 
Since no visible reaction occurred during one week at 
room temperature the reaction vessel was heated to 
96°C for five days, which resulted in the formation of 
some white solid which was deposited on the walls of 


the tube. The volatile contents of the reaction vessel 


were fractionated in vacuum yielding in the -45°C 


26b 
Eraction ethnesbulk OL thesproduct, CF,PF.[N(CH,),], 
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with a trace amount of (CF) ,P(O)N(CH,)., some unreacted 


(CF 3) 5PFN(CH,)., and an unidentified fluorine-contain- 


ing compound (a broad doublet, = 5Seppms aw = S0SHzZ) 


Saba 


(total mass = 0.0319). More unreacted (CF) ,PF,N- 


(CH3), (0.275 g, 1.10 mmoles) was trapped at -78°C. 
The -196°C fraction consisted of unreacted (CH) ,NH and 


a small amount of CF,H (total mass, = 0.040. g)....The nmr 


Spectrasofea solutionsan CD,CN of the white nonvolatile 


solid indicated that the solid was principally a salt 


me) PA SEs | 45 


ee p s 
containing the ions CF, [N(CH,) 5], ; (CF,),PF, 


(approx. mass, 0.044 g) and an unidentified phosphorus- 


containing compound (a doublet, Ty = 7.58 Jp_y = 10,8.Hz). 


Cre Reactions. of (CF,) ,PCL N(CH) 5. 


(i) Reaction with (CH3)Si0CH., 
Bis (trifluoromethyl) dimethylaminodichlorophos- 


phorane“°4 (0.221 g, 0.777 mmole) was condensed into 


a 10 cc reaction tube with (CH,) ,Si0CH COnLS Jeay 


8 


1.50 mmole) which was then sealed under vacuum and 


agitated at room temperature for five days. The products 


were identified by sit oor and ae nmr and ir spectro- 
scopy as (CF) 5P (0) [N(CH,) 5] (O25 7 97 70..604 smmoleny, 
and CHCl (0.0314 g, 0.628 mmole). Some (CH,),0 in an 


approximate 1:1 molar ratio with CHCl plus traces 40. (CF) 57 


P (0) OCH, (Appendix Table 7) and an unidentified fluoro- 
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phosphorus compound (on = ifid bye Siege) eit Jpop = 121 Hz) were 


also detected. A mixture of (CH,) ,51C1 and unreacted 


(CF PC1N(CH3), and (CH) ,Si0CH (oval mass = 0)/13827 gq) 


a0 
was trapped at -96°C, 


3 


D. Synthesis of (CF) 5PF(C1)N(CH,) 5+ 


Bis (trifluoromethyl) dimethylaminochlorofluoro- 
phosphorane, (CF,) ,PF(C1)N(CH,),, was synthesized by 
condensing (CF,),PFC1, (0.49980, 1.930 mmoles) with 
(CH) ,SiN(CH,). (0.224 g, 1.910mmoles) in a 10 ce 
reaction tube which was sealed under vacuum and allowed 
to gradually warm up to room temperature. After agita=~ 
tion for 24 hours the volatile contents of the tube 
were vacuum fractionated yielding, as the bulk of the 
product, the desired compound, (CF,) ,PF(CL)N(CH,)., 
Wwoecnewasa collected in thes-232Cetrap s(0m3040g;, 
noe 
N(CH,), and (CF,),PCl3. Other products of the reaction 


1.14 mmole) along with small quantities of (CF 


were (CF PFN(CH (CF) ,PN(CH,) (CF,),PC1 and 


3)2 3) 9" 2s 
(CH,) ,Sicl (obtained as an unseparated mixture, 
combinedsymass,. (0-315%9).5 The nmr spectra of a solution 


of the white involatile solid which remained in the 


mweactionstiubey (approx. mass, §0.118).¢) indicated: the 
ah 
2 f 


containing compounds (or ions) (5 = 67.0 ppm, 


presence of (CH,) NH two unidentified phosphorus- 
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2 a 2 - 
Jp_p = 176 Hz, “5, = 14.5 Hz), and at least one other 


phosphorus-containing compound which gave a doublet of 
very broad peaks in the proton spectrum, 


The infrared spectral data for (CF.) >PF(C1)N(CH,), 
are given in Table 6, nmr data in Table 7, and mass 


Spnectralmdatapiiy lables. Saands.0.. 


E. Reactions of (CF 3) ,PF(C1)N(CH,),- 


(i) Alkaline hydrolysis 


Treatment of (CF,) >PF(C1)N(CH,), COANE) Cyc Ohare! 
mmole) with about 0.5 ml of degassed saturated aqueous 
NaOH solution for several days gave, as the only volatile 


DLOdUuUCE we UE HO NOe0lyG, Uscoo Mmole), © LOT ime lOmand 


3 
La nmr spectra of the hydrolysate showed the presence 


- - +. 
of CF PO, ote and (CH,) NH, ions. 


(ai), Neutral hydrolysis 


Treatment of (CF PF(C1)N(CH,), (0.23 07 G70 430 


3)2° 
mmole) with water gave no volatile product. The 


hydrolysate, according to ly and 19, nmr spectroscopy, 


+ # = 
contained (CH,),NH, ; (CF) PO , and probably F 


Ps 
($5 = b295 2. pm )e Lous. 


(Lin). Reaction with SbF, 


(CF) ,PF(C1)N(CH,) > (0.190 g, 0.690 mmole) was 


condensed into a reaction tube containing freshly sublimed 


aN 
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SbF A 70% yield of (CF) ,PF,N(CH,), GUAGE gels VO AC iS 


a0 
mmole) was obtained. The compound was identified by 


means of its ir and nmr spectra, 


(iv) Reaction with (CH,) ,Si0CH, 


(CF,)PF(C1)N(CH,), (0.368 g, 1.38 mmole) was 


condensed onto (CH SEOCH™ 4CO.. 2591.c.,, 021.4 9ummo.¥e,) 


evs 3 

in a 10 cc reaction tube and agitated for one week at 
room temperature. The volatile products were vacuum 
fractionated and yielded, as the bulk of the product, 
the desired compound, (CF) ,PF(OCH,)N(CH,),, which was 
trapped at -16°C together with small amounts of (CF) 5-7 
P(O)N(CH,), and two unidentified compounds (do, = 73.4 


Opm, an = 110 Hz; bp = 73.2 ppm, aa = 64.0 Hz) 


P-F P-F 
(total mass = 0.186 g). More (CF 3) PF (OCH,)N(CH,), 


was collected at -45°C together with some unreacted 


3) 2 some (CP) 5P(O)N(CH,), plus a trace 
of another unidentified compound (T., = 6.27, Jpn = 


H 
14.7 Hz) (total mass = 0.0107 g) which showed no 19, 


(CF 3) ,PF(C1) N(CH 


Signal ae «biie SEraction tcol lected* aibe.969Cm(0 218 gi) 
consisted of unreacted (CH3) 3Si0CH, and (CH,),Sicl. 
More of this mixture was trapped at -196°C with CH,C1 
and a trace of (CH,) ,SiF (total mass, =) 07019" q). 


Themirspectral-datavsor (CF 3) PF (OCH,)N(CH,), are 


given in Table 6, nmr data in Table 7, and mass spectral 


data in Tables 8 and 9. 
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Reactions of (CF 3) ,PF(OCH,)N(CH,) ,. 


(i) Alkaline hydrolysis 


(CF) >PF (OCH,)N(CH (0.107 g, 0.410 mmole) was 


3)2 
tleared LOU ceveral Gaysswich avouc 0.5 ml saturated 


NaOH solution. Nmr spectroscopy showed the volatile 


products to be a mixture of CF 4H, (CH) NH, and CH,0H 


in approximately 3:1:1 molar ratio (combined mass = 


0.043 g). The remaining aqueous solution contained CH,OH 


3 
" = a 
and the ions (CH) ,NH, ; CF PO. ; E, and a> trace of 


(CF) 5P0,- accordingmeto sthe Th and naF mmr spectra. 
(ii) Neutral hydrolysis 


Treatment of (CF,) PF (OCH,)N(CH,), ike akey tee Kelas eu 
mmole) with water yielded (CH) ,NH (0,016 9% 0.356 


mmole) as the only volatile product, with CH,OH and the 


Fe fee 
(CH,) ,NH, , and (CF) ,P0, ions remaining in the aqueous 


il 19 


solution according to ~“H and “°F nmr spectra obtained 


on this solution. Single peaks corresponding to F 


(b, = 129.4 ppm) and HF, (bn = 150.0 ppm) were also 


Gy Celta Ghe 19 nmr spectrum of the aqueous solution. 
Results and Discussion 


A. Synthesis and Reactions. 


Dimethylaminobis (trifluoromethyl) difluorophosphorane, 


(CF) >PF,N(CH,),, reacted with (CH3) ,S10CH, and (CH,) .NH 
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TABLE 6 


Infrared Spectral Data for (CF) PFXN(CH,) 5° 
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Pf 540 616 w 0) GES (Ge 
i ae 583 w symor 3‘? 
494 w = 501 w \ . 
420 w - - P-CF., 
ee Se Se ee Oe, a, ee eee 
a lk 
Gas phase spectra and all values in cm. Ss) —=sstrong, 


m = medium, w = weak 


These assignments are tentative and based mainly on 
available data on related COmMpounds, asain Herta 412, 103. 
Vv = stretching», o i= deformation, sym = symmetric, 

as = antisymmetric, ? = a highly tentative assignment. 
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TABLE 9 


Mass Measurement Data for Aminobis (trifluoromethyl) - 


f£fluorophosphoranes 


Compound Ion® mye 
Calculated Measured 
eeeee een Daee CAs Al, Se Men, eres ons a, CRS ETT | 
(CF) PF,N(CH,), (CF,) ,PF,N(CH)," 251.0110 251.0104 
(CF,))PFN(CH,)," 232.0126 232.0134 
(CF,),PF," 206.9610 206.9605 
CF PF,N(CH,),~ 182.0158 182.0162 
CH,CH,NPF,~ 150.0096 150.0093 
(CH,) ,NPF,” 132.0190 132.0194 
(CF) PF (CL)N(CH,), (CF) PF (C1)N(CH,).~ 264.9658 264.9658 
(CF,),PCIN(CH,),* 247.9831 247.9839 
(CF,) :PFN(CH,)," 232.0126 232.0125 
(CF) PFC1™ 222.9315 232.9323 
CF PF, (C1)N(CH,)," 216.9847 216.9843 
(CF,),PC1™ 203.9331 203.9324 
CF,PF(C1)N(CH,)," 197.9863 197.9860 
(CF) )PF(OCH,)N(CH,), (CF,),P(OCH,)N(CH,)," 244.0326 244.0292 
(CF,),P(O)N(CH,)," 229.0091 229.0078 
CF,PF(OCH,)N(CH,),* 194.0358 194.0347 
CF ,P(O)N(CH,),~ 160.0139 160.0120 
F,P(OCH,)N(CH,)," 144.0390 144.0387 
FP(O)N(CH3)9" 110.0139 110.0176 
PF,* 68.9706 68.9708 
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A reasonable structural formula rather than the molecular 
formula is given for each fragment ion merely for 
convenience of recognition. 
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only at elevated temperatures and even then prolonged 
reaction periods were required to effect a reaction. 
This reactivity contrasts sharply with that of the 
dichlorophosphorane (CF) ,PCLoN(CH,) 5, which reacted 
with either (CH) 3Si0CH, or (GHEE NEE Both 
dihalogenophosphoranes however, appeared to initially 
react with metathetical substitution of one halogen 
with a methoxy group. 


(CF) 9PX (OCH) N(CH.) 5 + (CH) Six 
A= Cl E 
The methoxy-substituted chlorophosphorane (CF3) 57 
PC1(OCH,)N(CH,)., was not detected probabiy because 


the CHCl elimination reaction, 


=~ CH{Cl + 


et ees aa 3 


(CF P(O)N(CH3) 5 


3)2 


and/or the substitution of a second methoxy group: 
/ 


[{(GRe)) BcinocH,) N(CH). ) +=(cHs)qst0cH 


[(CF,)P (OCH) .N(CH,) 9] + (CH) ,Sicl 


(IVa) 


CIV-2) 


(iiVv=3) 


occurred too readily. The formation of apparently equal 


amounts of CH.Cl and (CH3) 50, the latter presumably from 
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the decomposition of the bis (methoxy) phosphorane, 


(CF3) 5P (OCH,) .N (CH) j——— (CF ,) 5P (0) N(CH) , 


(IV-4) 
+ (CH) 50 


suggested that the second methoxy substitution reaction 
(eq IV-3) was competitive with the elimination of CH,C1 
(eq IV-2). The absence of detectable amounts of 
(CF) ,P (OCH) ,N(CH,), in the products would seem to 
indicate that elimination (eq IV-4) of (CH) 50 was like- 
wise very facile. 

That the disubstitution reaction with (CH) ,Si0CH, 


occurred with the difluorophosphorane as well was 


evidenced by the presence of (CF3)5P0,” and (CH,) ,N ions 
in the solid products of these reactions. These ions 
may be accounted for by the following sequence of 


equations: 


i —— SS 
(CF) ,PF (OCH3)N(CH,). + (CH) ,Si0CH 


3 
(Iv-5) 
[ (CF) P(OCH,) .N(CH,) 4] + (CH,) ,SiF 
[(CF,)5P (OCH) ,N(CH,).] ————> (CF,)5P0, + 
(IV-6) 


+ 
(CH,) ,N 


Reaction IV-6 might reasonably involve the formation 


of trimethylamine as an intermediate. Abstraction of an 
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alkyl group by (CH) ,N from esters or thioesters of 
bis (trifluoromethyl) phosphine oxides has been demonstrated 
elsewhere, *° 

The formation of the hexacoordinate phosphorus anion 
(Cha) 5PEAe in the reaction of (CF,)5PF,N(CH,). and 
(CH,) 3Si0CH, is most likely accounted for by a dispropor- 
tionation reaction of (CF) ,PF,N(CH,), rather than from 


reactions with the silyl ether (eq IV-7). 


- 
2 (CF 4) .PF5N(CH,) ,————+ (CF) ,PIN(CH3) 5], - 


74. 


(IV-7) 


(CF) 5PF, 


The former reaction appears reasonable even though 
definite identification of a cation such as (CP)5~ 
PIN(CH,) 15" was not obtained and the complexity of the 
solid products discouraged further investigation. This 
interpretation is supported by the detection of 

this same anion in the reaction of (CF3),PF,N(CH,). and 
(CH,) NH. A disproportionation reaction similar to IV-7 


38 


has been reported to occur with C¢H PFN (CH 


5 34.28 
The reaction of (CF) .PF,N(CH,) 5 with (CH,) ,NH 
paralleled those reported for related halogenophosphoranes 


26a 


containing at least two trifluoromethyl groups. The 
principal reaction was the replacement of a CF. group by 
N(CH)... 
; Bia 
(CF3)5PF,N(CH,),5 + (CH,) ,NH ——~ CF, 2 IN(CH)51, 


ay CF 3H 


(IV-8 ) 


eae 


‘en 20 le ane itr 
ars 

~egcrqua # yd 4 casual ‘ehh Hae. wo 
mers cats wodane pt 758 1 Ee Sopa nolsem 

ACT oe) vents Ryteyiaitsl iaiw, 


7 ir i Lon 
t gigigh ese” 


es ee YOO eae 


(w~¥E) 
| “Mg fe 2) 

| Nuc neve sltsnpacin exeecis notsone ating ae 
; sg ig)! Ba tien month 3 te nota maveebs ottaiveb 
| ads Xo ydlietqude. bax Btn /inmnidse0 Jom BiNe * col gov 
atar ates 15 irda ret fersavcse ib ve 
to nolgseted adt yt Gattoqaus af aot a Zs 

Sie gh MIME aRG) Se okaae ans ak aes. amt | 
reyT ag ns Lene ‘nghsesee nolsennissovoTqehe A “aM 
8F AER glhyp uit swoon 09 kevaages aendie 
Fill fy #9) atiiw hgh MNG |, a) to aogtoeex oft 
Redeisx 163 bodinges seods 4 

att 5 ,equage Tytsemores (ti +2 ond sxeed apie 
Aamee ale obnesmeoaienl (iW AOLIDOSS | re aq 


no com 


7 


(ee 


As before, the (CEN) ee ion in the system presum- 


ably arises from the disproportionation of (CF) ,PF5~ 


; ; + 
N(CH3).,- The phosphonium ion CF,P(N(CH3) 5], was also 


identified among the products, and was formed most 


likely from a reaction between CF PF. [N(CH ee ieerand 


33 5 ela e 
(CH3) NH (eq IV-9), although a fluoride ion transfer 


reaction could also occur (eq Iv-10). 


+ 
CF PF, (N(CH) 5] + (CH) .NH-————+ CF ,P[N(CH,) ,] , 
(IV-9) 
+ HE, 
CF PF, [N(CH,).1], + (CF,)PF,N(CH,), a 
(Iv-10) 


shy - 
CF,PIN(CH,) 5], + (CF3)5PF, 


Previous studies*/ have indicated that the CF. 
PIN(CH,) 13° ion is very stable,and readily detected 
because of its resistance to hydrolysis. 

The observed yield of CFH in the reaction described 
by eq IV-8 was not equal to that of CFZPF,IN(CH,).].- 

The reaction is undoubtedly not straightforward, some 
rearrangement and salt formation occurred as well as the 
principal substitution. This system was not extensively 
evaluated because the reaction was not complete under 
the conditions employed and the relatively severe 
reaction conditions which would be required to ensure 


completion could also induce CF, elimination and produce 
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a further complex series of eroductan«- 


Among the identifiable side products in the 


synthesis of (CF PF(C1)N(CH,) 5 from the aminosilane, 


3)2 
(CH) ,SiN(CH,),,and (CF,)5PFCl, were (CH) ,Sicl, 
(CF) PN(CH) 5, (CF,) 5PF2N(CH,) 5, (CF) >PC1LN(CH,),, 


(CF) ,PC1 and (CH rs TONS.) Thewinitral metathetical 


N 
pigeD) 
substitution reaction (eq (IV-1l) was probably accompanied 
by substitution reaction of rearrangement products of 


the starting material (eq IV-12) leading to the difluoro- 


and dichlorophosphorane (eqs IV-13,14). 


A(CF,),PFC1, + (CH,) ,SiN(CH,), ———» (CF) ,PF(Cl)- 


(Iv-11) 


2 
N(CH) 5 + (CH3) ,Sicl 


2 (CF,) oPFC1L6 = (CF) sete cl (CF) 2PC1 ely lay) 


2 3 


(CF) 2PF{Cl cs (CH) gun (CH) oo reer ey) gPFLN (CH) 2 


(Iv-13) 
= (CH,) ,Sicl 


+ i re P 
(CF,),PCl1, (CH,) ,SiN(CH,) — (CF,),PC1,N(CH,), 
(IV-14) 
a (CH) ,SiCc1 


Complications arise because of the known tendency 


3) 2PFCl, to rearrange (eq IV-12).43 The presence 


of significant amounts of (CF) .PN(CH3) 5 and (CF) ,PC1 
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products were detected in the system. One possible 
mechanism that can account for these products is a 


disproportionation reaction of (CF,)5PC1 Simaeareco 


TE 10 


8 
that reported for the bromo analog. 48 
——> 2 + + - 
2(CF3) 2PCl, CF Cl PCl, (CF,) >PC1 (IV 15) 


followed by substitution of the phosphine: 


WF i ———EE 
(CF,) PCL (CH,) ,SiN (CH,), (CF) ,PN (CH,) > 


(iV 16) 


aR (CH) 3821 


These reactions are consistent with the observation 
ofa 12 teats & F . 
greater quantity of (C 3) gPN(CH,) 5 than (CF) 5PC1 


However, since CF C1 was not) detected? int the) nmr 


spectrum of the products, this reaction pathway can only 
be considered as speculative. 
The formation of N(CH,),H,” 


either unless one considers the possibility of traces 


ions cannot be explained 


of moisture being present in the reaction tube. 


The observation that (CF PF (OCH3)N(CH,) 5, and not 


3)2 
(CF) ,PC1(OCH,)N(CH,)., is formed as the principal product 
in the reaction between (CF ,) 9PF(C1)N(CH3) 5 and 


(CH,) ,Si0CH, demonstrated once again the greater lability 


of the P-Cl relative to the P-F bond. However, the 


presence of small amounts of (CF) ,P(O)N(CH,) 55 (CH) ,SiF 


and CH3C1 suggested that substitution of the fluorine 
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185 
ligand with the methoxy group (eq IV-14) also occurred, 


(CF) oPF(C1)N(CH,), + (CH) ,Si0CH, ———> 
(IV-17) 
[(CF,) »PC1 (OCH) N(CH) 5] + (CH) ,Sicl 


albeit at a much slower rate than the substitution of 


the chloride, and was followed by the fast elimination 


of CHCl (eq IV-2). The formation of unidentifiable 


3 


phosphorus-fluorine compounds clearly indicates that 
the reactions are not as simple as described in the 
above equations, and that complex processes occur in 
addition to these simple substitution-elimination 
reactions. 

The hydrolytic reactions of the dimethylaminobis- 
(trifluoromethyl) fluorophosphoranes can be summarized 


in the following equations: 


3 (CF) PF (X)N(CH3) 5 GH 9 


90 ——* 3 (CF) PO 
Civ 18) 
a 


- = - + 
+ 3 (CH) .NH, + HF, + 3X + F + 5H 


(CF) 5PF (X)N(CH,) 5 + 30H On U., + CF ,H 


(Iv-19) 


‘ é @ 
a (CH) 2NH, eae or aks 


where xX Ls chiorinea or £ilGorine, and 


_ 


O———*3 (CF) ,P0,, 


3 (CF) 5PF (OCH,)N(CH3) 5 + 6H, 


(Iv-20) 
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(CF,) .PF (OCH3)N(CH,). + 30H eC) OD 


GUY = 21) 


+ rs x 
CF 4H (CH,).NH + F + CH,OH 


This behavior is in accord with previous work on 
trifluoromethylphosphoranes, wherein the CF, groups are 
not removed by neutral hydrolysis and the product of alka- 
line hydrolysis is the ion op ue with (n-l) moles of 
44 


CF 3H, where n is the number of CF, groups.>! These 
reactions are often used for analytical characteriza- 


tion of these compounds. 
Be Mass Spectra, 


Of the three bis (trifluoromethyl) halophosphoranes 


reported in this chapter, only (CF PFN(CH,), showed 


Sue 
a peak due to the parent ion (calculated: m/e 251.0110, 
measured: m/e 251.0119) with an abundance of 1.2% relative 
to the most intense peak which appears to arise from 
the loss of one CF, CLOUD Ne; CeLeGtion Or ethnes parent 
ion peak in the mass spectra of this phosphorane is 
unusual although not without Breeedencer=- since such 
peaks are generally absent in the mass spectra of 
pentacoordinated phosphorus compounds. 

Although the parent ion peaks were not observed 


in the mass spectra of (CF,) ,PF(C1)N(CH3) 4 and 


(CF) >PF (OCH,)N(CH3) 5, accurate mass measurements of 
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the larger mass fragments (Table 9) strongly suggest that 


these fragments arise from the indicated molecular 


composition through loss of CF, on N(CH from 


3)2 


OCHS tor N(CH.) 9 from 


(CF) >PF(C1)N(CH or CF3, 3 


3)2" 
(CF) PF (OCH,)N(CH,),- 

The intensity distribution of the ions in the mass 
spectra of all the three compounds suggest that the 


major fragmentation processes involve cleavage of P-C, 


P-O, and P-N rather than P-F bonds. 


_C.~ Infrared Spectra, 


The complexity and low symmetry of these phosphoranes 


preclude definitive assignments of their infrared bands. 
However, the infrared spectra definitely support the 
presence of certain structural units in the compounds 
(e.g., C-O-P band at 1076 cm™ + in the case o£ (CF) 5 

PF (OCH3) N(CH) 9) - Extensive mixing of vibrational modes 
especially in the region from 700-780 emi > (i.e., where 
bands due to CF, deformation, P-F and P-N stretches 

are expected) renders spectral band assignments 


uncertain. 
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Conclusions 


j PF 
The reactions of (CF 3), 2N(CH3) 5. (CF 3) 2PC15N(CH3) 5 


and (CF 3) >PFCIN(CH,) 5 with (CH) 3Si0CH Snarm Ly 


3 
demonstrate the greater lability of the P-Cl bond 

relative to P-F bond. The reaction of the difluorophos- 
phorane took place only at elevated temperatures and 
prolonged reaction period,and was incomplete even under 
these relatively vigorous conditions,whereas the reaction 
of chlorophosphoranes was complete within 24 hours at room 
temperature. Further, the mono(methoxy) fluorophosphorane 
(CF) ,PF (OCH,)N(CH,). was isolable and stable up to 

about 70°C. In contrast,the only evidence for 

(CF) >PC1 (OCH) N(CH) 5 were the decomposition products 
(CF) >P (0) N(CH) 2 and CHCl, which most likely arise 

from the cleavage of P-Cl and O-C bonds in (CF) ,PCl- 
(OCH,)N (CH), - 

The hydrolytic behavior of the three bis (trifluoro- 
methyl)phosphoranes is consonant with that of 
trifluoromethylphosphoranes previously investigated,in 
that basic hydrolysis cleaves all but one P-CF bond 
and neutral hydrolysis does not cleave any. 

Likewise, the mass spectral behavior of these 
three bis(trifluoromethyl)phosphoranes is typical of 


pentacoordinate phosphorus compounds,except for (CF,),PF 


N (CH 97 Which gave a parent ion. 
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Mhemsitability of (CF ,) PF N(CH3), was demonstrated 
by the rather vigorous conditions mecuamedai form ibe to undergo 
any reaction, exemplified by the reaction 
with (CH3) ,Si0CH,, Or its rearrangement to the tetrahedral and 
hexacoordinated ions, both of which processes occurred only 


at elevated temperatures after prolonged periods of time. 
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CHAPTER FIVE 
NMR DATA AND STRUCTURAL INFERENCES ON 


PENTACOORDINATE PHOSPHORUS COMPOUNDS 


Interpretation of care and 19, Nuclear Maqnetic 


Resonance Spectro SCODY. 


in {contrast gto li nmr theory, the theory of the origin 


shut 


of chemical shifts and spin-spin couplings for both P and 


it a 
9p nuclei is less well developed because of the greater 


complexity of the electronic configuration of these 


nuclei.497>6 
To a first approximation, op chemical shifts are 
independent of the overall charge of the molecule?’ 8 but 


are strongly dependent on the number and kind of atoms 
directly attached to the phosphorus nucleus. Triply- 
coordinated phosphorus compounds are in general less 
shielded than the more highly coordinated phosphorus 
compounds. In addition,the range of chemical shift values 
encompassed by the former is much larger than that of the 
latter. It is further notable that indirect spin-spin 
coupling involving phosphorus does not generally decrease 
monotonically with increasing internuclear distance, and 
Many cases are known in which the addition of an additional 
bridging atom between the coupled nuclei does not greatly 
alter the magnitude of the observed coupling constant. 
Gutowsky and Mceertal ioe attributed the lower shielding 


of triply-coordinated phosphorus to the fact that this 
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system possesses fewer valence electrons than the more 
highly coordinated derivatives. The wide range of triply- 
coordinated phosphorus chemical shifts (~500 ppm) was 


ascribed by van Wazer and Letcher?® 


to the greater varia- 
tion of bond hybridization and bond angles possible 
within this coordination; for example, they associated 
this variation to the range of hybridization types | 


exhibited by trivalent phosphorus from nearly "pure" p3 


in PH, 4G sp ial prods 

Tetracoordinated phosphorus shows a range of chemical 
shifts which is less than half that observed for phos- 
phines.°8 Attempts have been made to explain the observed 
shielding in terms of bond angles, electronegativity, 
and t-bonding contributions, but adequate interrelationships 
have not yet been established. 

Penta- and hexacoordinate phosphorus compounds show 
an even smaller range of chemical shifts. This is in 
accord with the association of the chemical shift range 
with variations in bond hybridization and bond angles, 
because such variations would be minimal in the more 
highly coordinated phosphorus compounds. 

Interpretation of the wide range of 19), chemical 
shifts and indirect spin-spin coupling constants in 19, 
spectra are based on the suggestion that the electron 


spin-orbital and orbital-orbital interaction involved in 


the coupling interaction become more effective in atoms 
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with occupied p- or d-orbitals.° Calculations by 
Pople? of the F-F and F-H coupling constants indicated 
that electron-orbital interaction, although appreciable, 
is not the dominant factor,and that 19, nuclear spin 
couplings are not controlled solely by the Fermi contact 
term. 

A rather unusual feature of 19, Spin-spin coupling 
is the magnitude of the long-range coupling constants. 
Many long-range F-F coupling constants have been reported 
to be greater than the short-range coupling interaction. 
An example is provided by (CF 3) gNCF.CF, where the CF, 


fluorines have a smaller coupling constant with the 


fluorines of the adjacent CF, group (J < 1 H2)0 than with 


3 
the fluorines of the more remote (CF3)5N group (J = 16 
Helier Likewise, long-range F-H coupling has been 


reported between nuclei separated by five or six saturated 
bonds. ~° 
These observations have led to the suggestion that 

Ip nuclear coupling interaction proceeds vta a through- 
space mechanism. >> However, the work of Evans>” on 
substituted fluoroethanes showed that such a simple 
correlation between coupling behavior and internuclear 
distance would not exist if the different relative signs 
of various 198 coupling constants were taken into account. 


ai : , ees x: 
The interpretation of A chemical shift variation 


is likewise in an imperfect state but some progress has 
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been made in simple molecules. A theoretical analysis 
by Saika and Slichter>+ of atomic contributions to observed 


9 
Pemagnetic resonance of F, and HF predicted 


2 


chemical shifts in good qualitative agreement with 
observed data. The principal origin of 19, chemical 
shifts was attributed to the variation in the second 

order paramagnetic term in Ramsay's equation®® for nuclear 


shielding (eq V-l), 


dia para deloc 
On = Onn + Onn a 3 ye On (V-1) 
en eee ee ee 


dia , cp : 
where Onn 15 a term arising from induced diamagnetic 


currents on atom A and whose magnitude depends on the 


para 
AA 


tion of induced paramagnetic current on A and is a 


electron density around nucleus A, o is) thes contribu 


consequence of the mixing of ground and excited states 


by the applied magnetic field, and Onp and Seeds are 


contributions arising from local induced currents of all 


atoms other than A and the magnitude of the terms depend 


on the nature of these atoms and their distance from A. 


61 , : 
Pople has shown that eal is equal to zero 15 
the electrons on A are in S states. In other words, the 
19 


magnitude of the effect of the paramagnetic term on F 
chemical shifts is dependent on the degree of covalency 
of the bond. Additional support has been provided by 


49,54-56 19, 


more recent investigations. Variations in 


chemical shifts therefore, are generally thought to 
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reflect variations in the paramagnetic rather than the 


Lamb diamagnetic term. 


Pentacoordinate Phosphorus Compounds: Stereochemical 


Studies and Bonding Theories. 


A. Stereochemical Studies. 

Two common pentacoordinate structures can be 
visualized: the trigonal bipyramid and the square 
pyramid. Most of the pentacoordinate phosphorus compounds 
investigated to date by X-ray and electron diffraction 
studies have been assigned a trigonal bipyramidal ground 


ILS pl Coil! Fs 


statergeometry. Vibrational studies of simple 


molecules have supported the trigonal bipyramidal 
GeanewOr gm ua ao The only phosphoranes for which a square 


pyramidal structure has been established are the 1,3,2- 


dioxaphosphoranes°7 (Fig. V-1) ‘both of which involve 


R°=H, R = p- Br- CoH, 


H, 


R =cis-CH, » R= p-Br-C. 
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bidentate chelating ligands. 

In 1963 Muetterties et. al./ proposed an "electro- 
negativity rule" governing positional site preferences 
in trigonal bipyramidal phosphoranes. Stated simply, 
the “electronegativity rule" postulates that axial 
positions in a trigonal bipyramid are preferentially 
occupied by the ligands with greatest electronegativity. 
Exceptional behavior was attributed to steric strain. ’ 
In the past five years however, it has become clear that 


trifluoromethylhalogenophosphoranes of the type (CF) 5 en” 


Be Cee amie aN OS (CH -OCH3, ~SCH,, -N(CH,) 9) 


ee 
do not obey this simple rule. The CF. group appears 

to exhibit a lower apicophilicity than expected from its 
electronegativity value which is intermediate between 
that of Fyand ake Especially clear examples of 
this anomaly were provided by variable-temperature nmr 
spectroscopic studies of those compounds where both Cl 
and CF. were present as directly-bound ligands to 


S 
phosphorus. 7°4"47+28a 


In these compounds chlorine, with 
an electronegativity of 3.16, appeared to possess a 
stronger preference for the axial position than the 
trifluoromethyl group with an electronegativity of BeAGL” 
It was proposed”? that the Hammett-Taft parameter o, may 
provide a better gauge for apicophilicity than electro- 


negativity. 
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Analysis of the spectroscopic data further indicated 


2 ; d : 
that Jpop was amore Palianieaso indicator of the stereo- 


chemical position of the CF. in these phosphoranes 


5 
(which were assumed to have a consistent trigonal bi- 


pyramidal ground state geometry) than chemical shift values 


used previously.” Apical i values are generally 


Pa 
2 


smaller (<100 Hz) than equatorial Jp_p (>100 Hz) values. 


It must be recognized, however, that 25 values will be 


P-F 


determined by the total electronic nature of the molecule, 
and hence the absolute values cannot be reliably used 

as the indicator of substituent location; indeed only 
relative values within a molecule can be reliably used. 


Recently, in this laboratory, it has been shown that ah 


of cP, phosphoranes correlates with By Se values®? 


enhancing the basis for the use of poe 


P=C 


values as 


stereochemical indicators. 


Ba Theory of Bonding of Pentacoordinate Phosphorus, 


The literature is replete with applications of modern 
bonding theories to pentacoordinate phosphorus compounds, 


covering the whole spectrum of approaches from ab tinttto 


64-67 


molecular orbital theory to a rationale based on 


9a,b 


pure electrostatics. Several ab tnttto molecular 


orbital calculations of varying sophistication have been 
reported recently pe a oe employing small to medium size 


basis sets of Gaussian functions. The main points 


89. 
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discussed are (1): the role and importance of phosphorus 
d-orbital participation in the bonding, (2) quantitative 
difference in bonding between axial and equatorial bonds, 
and (3) the contribution of pr-dr interactions to the 
bonding. 

Any bonding theory of trigonal bipyramidal phosphoranes 
must account for the following experimental observations: 
(1) non-equivalence of the axial and equatorial positions 

and the ramifications of this non-equivalence and 
(2) the stereochemical preferences of the different 


substituents in the trigonal bipyramidal framework. 


OD. 


Muetterties, Mahler; “and Schmutzler/ suggested that their 


"“electronegativity rule" arises from the greater s-orbital 
character which is contained in the equatorial phosphorus 
hybrid orbitals. This in turn leads to greater overlap 
with the more electropositive ligands which therefore 
preferentially occupy the equatorial plane. The most 
electronegative substituents then occupy the axial posi- 
tions as a result of stronger preferences of electro- 
positive substituents for the equatorial sites. Extensive 
rationalization of much chemical behavior at an empirical, 
qualitative level has been achieved by Bent°> using the 
concept@that-S=orbital character of an’ atom concentrates 
towards the electropositive substituents. 

Hoamenwn analyzed the 19), chemical shifts of a series 


of chlorofluorophosphoranes PF Cle and suggested that 


7 a 7 2 e 
eurosiqant shpio sonmi bee = ater : 
oviasthinsup: (5) spre tagod silt rk a din: ding Estidx 


‘a 


Ariod ¥ a4 one19) 
= _ OP a a 


.ebonod Isisstsvns ic. tains 1% v dad But 


site Gd: sRotvontegAl wh--q 30. nabsali 


; eenexedveoiq Lehbiustydid isaoyisa te 
-enbidevusede Isjnenivaqee Ogfwolfe? 


7 ee ae 
. ridgidvdoq Imivasacye of nine <i? 7O mail a 
bne oometewbemo yi 4 to srekeng iad max ond 5 7 
ar 46) 
+House Li etd Leo reonsrveaiptia ise tamitnoore2" ¢ 
eek i itragid Cerca led Ap ai sede 
; ert - ~ + igs ore My pReanrmr ac ] ye] 4 *o 7 ‘ 
“ies tudlY octasepes atgmine bas . BM ,@ei3 it eel 
tgdtdio-—se.sedéadn 4d7 moc edaiue Bias gliviswpoad sad 
) 1)? oo Tha ‘ 
ly grixorigeeda Initeoteyps PAs 4 fenisgpoo ab mene: 


jelaeyo yevs0%0 oF ebenl iap7 mt ear otesid: aca dys 


. s1oleredt deidw Sbnepit eviededqoatoeie aagm 2 odd ad ve 
tgom ‘oa? .onsly iefuosseps sit yquOSO eta — xO 
-teoy Ustya' sds yaque0o nets eineutisedse' evissps 
-ozioola to assiteisis sg *aprezta Jo Stakes 
ovismsind tooth Incxogedps ord 102 diag bee ant 
 isoitigas is ts  wor¥eded Tessnedo doi To noi 
ert pride °° sols ue Bevetfog need sed tovet to iad 
@adetdnsnos mone Am to istosisio tesiduo 
7 etneueedue. ovtgnta tepals Be i  abuswod 

Bt evitide Sno imods att sia vor —_ om ‘Bem Lot 

i. ne creaaalee Sahni 


OAs. 


di-pig bonding) provided) the erstical, factor inthe bonding 


and stereochemistry of these compounds. Subsequent 
investigations based on orbital overlap population analysis 
have since shown Holmes' conclusions to be in error .12+/0 
The VSEPR theory originated by Sidgwick and Powell and 
popularized by Gillespie and Nyholm, 727° rationalizes 

the principal. features of the bonding in. trigonal ApS 
midal structures by attributing the difference in bond 
lengths in PX, compounds solely to electrostatic repulsion 
of bonding electron pairs in the valence shell of these 
compounds. The inequivalence of axial and equatorial bonds 
is therefore a consequence of molecular symmetry, with the 
electrostatic imbalance leading to the lengthening of the 
axial bonds. To explain the seemingly greater 
apicophilicity of electronegative ligands, it is necessary 
to assume that,in a bond to a more electronegative 
substituent the bonding electron density is held closer to 
the ligand, whereas in a bond to an electropositive 
substituent this electron density concentrates close to 
the central atom. Hence, as the electronegativity of the 
ligand increases, the amount of repulsive interaction 
between the bonding orbital and neighboring orbitals 
decreases. Optimization of this reduction in interelec- 
tronic repulsion is achieved by placing the more electro- 
negative ligand in the axial position where electron pair 


interaction is inherently greater because of the smaller 
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bond angle (90°) with its three nearest neighbors. 
Rundle’ described the axial X-P-X bonding framework 
in terms of a linear three-center molecular orbital 
picture utilizing one orbital on each of the three atoms 
involved. The linear combination gives one bonding, one 
non-bonding, and one anti-bonding molecular orbital. 
The symmetry combinations for a set of three Po orbitals, 
one from each atom, are shown in Fig. V-2 in which the 
terminal atoms are labelled X and Y, and the central 
atom, C. 
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Figure V-2 
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Of the four electrons available for bonding, two 
are placed in a bonding orbital and two in a non-bonding 
orbital for a bond order of one in the X-C-Y unit. The 
non-bonding orbital is essentially terminal atom in 
character, therefore a greater electron density resides 
in the terminal atoms. Hence the greater apical positional 
preference of electronegative ligands. 

Several groups have calculated the energy profiles 


64,65 


of the intramolecular rearrangement of PHes which, 


although instructive, may be inadequate to explain properly 


the behavior of more complex molecules such as PF Two 


66,67 


5° 
recent ab inttto calculations on any and related 
molecules considered also the permutational interchange 
process in these molecules. Using a small basis set, 

van Wazer, et. ap. obtained consistently higher orbital 
energies (less stable) than those obtained by Strich and 
veillara®® who used a medium size basis set including d 
orbitals. Both sides were in essential agreement with 

each other on the following points: (1) axial bonds are 
weaker than the equatorial bonds with or without d-orbital 
participation, (2) equatorial pt-dt™ bonding is more efficient 
than axial pit-dt bonding, (3) phosphorus equatorial 

orbitals in a trigonal bipyramidal geometry have more s 
character than the axial orbitals, (4) equatorial sub- 
stituents with a lone-pair will adopt a preferential 


orientation in which the maximum lone-pair electron 
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density lies in the equatorial plane. 

Accordingr to Strichwand veillara?® d-orbital partici- 
pation is important in the bonding of pentacoordinate 
phosphorus. They state that "although d functions on 
the phosphorus atom may be omitted for a qualitative 
description of the bonding, they do play a significant 
role in the bonding as shown by the population analysis.” 
Semi-empirical calculations, in contrast, have categorically 
discounted the importance of the d-orbital participation 


; ; . 72 
in the bonding of pentacoordinate ajrrqeierane, 2 


Nmr Svectral Results 


ie a 


A. Methyl (trifluoromethyl) trifluorophosphorane. 


The normal temperature (+31°) ly spectrum of 


CH, (CF) PF (Fig. V-3) consists of 6 lines with the 


é 
Sepoarentmintencicyeratlono tf le3e424:3 21. | Thisomultipler 
structure is due to the partial overlapping of two sets 
of quartets, illustrated by the stick diagram also 

shown in Fig. V-3. The parameters are given in Table 3. 
The major doublet splitting is due to coupling with the 
phosphorus and the quartet fine structure is due to 
coupling with three magnetically equivalent, directly- 
bound fluorines. The apparent magnetic equivalence of 
the three directly-bound fluorines is also suggested by 
19 


the presence of only two resonance regions in the F 


nmr spectrum at 31°C (Fig V-4): one, a doublet of 
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ly (60.0 MHz) nmr spectrum of 


Figure V-3 Observed 
CH3(CF3) PF, at 304°K, obtained from a 50:50 


SOlRETONWLN Crow :CF5Cl with about 5% TMS. 


3 2 

The frequency scale gives chemical shift values 
it} HZ relative* to. internalIMSi.#*) The ssrick 
diagram traces the splitting pattern as a 
doublet of quartets arising from coupling with 


phosphorus and with three equivalent directly- 


bound fluorines. 
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Figure V-3 
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Figure V-5 


Observed 31, ~ {+H} (36.4 MHz) nmr spectra of 
CH, (CF,) PF. at the fast- and slow-exchange 
limits, obtained from an approximate 50:50 


solution in CFC1,:CF,Cl, containing about 5% 


TMS. The frequency scale, which gives chemical 


shift values relative to Payee was measured 
19 


relative to the F (CFC1,) heteronuclear lock. 


and converted to appropriate values for the 


31, standard. 
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relatively broad quartets, is the CF3 region. The major 
doublet is due to coupling with phosphorus and the 
quartet splitting is due to additional coupling of the 
CF Signal with the three equivalent directly-bound 
fluorines. At a much lower field is the P-F region 
which consists of two very broad peaks. The P-F fluorine 
coupling with the CF fluorines is not resolved. 


31 


The P nmr spectrum (Fig V-5) of CH, (CF )PF. provides 


3 3 
more information on the structure of this compound. 
The normal temperature, proton-decoupled spectrum is a 
quartersor quartets;, the primary quartet is due to coupling 
with the three equivalent directly-bound fluorines and 

the secondary quartet fine structure of each line is due to 
further coupling with the CF, fluorines. Upon cooling 

the sample to 153°K, the spectrum is transformed into a 
twenty-four-line spectrum consisting of a doublet of 
triplets of quartets (Fig V-5). Clearly, the directly- 
bound fluorine environments have become non-equivalent 

and three possible structures, the two trigonal bipyra- 
midal structures (A) or (B) allowing free rotation of the 
CH, and CF, groups, or the square pyramidal structure 


(C or the equivalent cis analog) can account for the 


observed spectrum. 
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Figure V-6 


In view of the preponderance of evidence supporting 
the trigonal bipyramid as the ground state geometry for 
the simple phosphoranes, the trigonal bipyramidal alterna- 
tives (A) and (B) seem to be the most reasonable structures 
and it is necessary to choose between only these two 
alternatives. 

The pattern and magnitudes of the splitting in the 
low temperature Pee JI MLt I noes pece Lumet CH, (CF,) PF, 
are clearly indicative of two distinct P-F environments. 
The main doublet (iis = 1023 Hz) arises from coupling 
of one such directly-bound fluorine to phosphorus, and 
the triplet structure on each doublet component is due 
to coupling are = 919 Hz) of the two remaining magnetical- 


PF. 
ly equivalent fluorines directly attached to phosphorus. 
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The magnitude of the two fcc coupling constants strongly 


suggests that the unigue fluorine with the larger coupling 
constant occupies the equatorial site,and the pair of fluor- 


ine atoms with the smaller coupling constant occupy the axial 


a testcase The magnitude of G5m>. (156 Hz) is consistent with 


equatorial placement of the CF, group. The data therefore 


3 
support structure (A) in Fig V-6 as the most likely ground 


state structure for CH, (CF) PF... It should be noted that 


structure (A) is the structure predicted by the 


"electronegativity rule." 


The apparent magnetic equivalence of the three 


directly-bound fluorines indicated by the normal probe 


ip As) 31 : 
temperature oH, Ei eeand P nmr spectra arises from 


a ligand rearrangement process which is a very common 


phenomenon in pentacoordinate phosphorus Coripoud sea ae 


This interpretation is supported by the fact that the 
Single aie value evaluated from the room temperature 
eo 


F and ee spectra (ee = 955 Hz) is in good agreement 


with the weighted average va = 954 Hz) of the two 
g 


PFav 
unique values obtained from the low temperature os 
limiting spectrum. The weighted average value of the 
two different low temperature 195, chemical shifts, 46.1 
ppm, is also in agreement with the observed average 


chemical shift of the directly-bound fluorines (46.2 ppm) 


obtained at normal probe temperatures. 
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Figure V-7 


Observed li (100.1 MHz) nmr spectrum of 
CH, (CF,)PC1, at 273°K, obtained from a solution 
in CFCl1, containing about 5% TMS reference. 


The frequency scale gives chemical shittevalues 


in Hz measured relative to internal TMS. 
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Figure v-8 Observed 31, ~ clu} (36.4 MHz) nmr spectrum of 
CH, (CF,)PC1, at 304°K obtained from a solution in 
CFCl. containing about 5% TMS. The frequency 
scale,which gives chemical values relative to 
POG: was measured relative to the 13 (CFC1,) 
heteronuclear lock and converted to appropriate 


Valuesmo cen lie os reference compound, 


3Ip~ {1H} (36.4 MHz) nmr Spectrum of 


-5000 - 5800 Hz 


Figure V-8 
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Be Methyl (trifluoromethyl) trichlorophosphorane. 


a 19 
The “H, F, and hes nmr spectra of CH, (CF,)PCl, 


sree chnaracteristicrzotedagrirst-order AMX, system. The 
ly nmr at 60 MHz (Fig V-7) is a broad doublet which 
exnipDitesasquartetarinermstnucturesors|-355 > eintensity: .atio 
upon expansion of each component. The Lae nmr spectrum 
shows a Similar pattern. The parameters are given in 
Table 3. 

The proton-decoupled 31, nmr spectrum consists of 
FOU LI NessOnel +3 <3: lmintensity ratio. (Fig V=8)\. ~ bach 
component of the quartet is split further into a quartet 
in the proton-coupled spectrum. 

The magnitude of the aa values( L57aH2 lus 
compatible-° 2° with an equatorial CF, location, hence 


structure (A) in Fig V-6 is considered to be the most 


likely ground state structure of CH, (CF,)PCl,. 


Co Methyl] (trifluoromethyl) dimethylaminodifluorophosphorane. 


The mE. aoe and oes nmr spectra of CH, (CF) PF,N(CH3)., 


can be interpreted on a first-order basis. The li nmr 
spectrum (Fig V-9) consists of two sets of doublets of 
triplets. The lower field resonance is twice as intense 

as the high field resonance, thus it is reasonably assigned 
to dimethylamino protons, and the high field resonance to 


the directly-bound CH, protons. The primary doublet in 


each region is due to coupling with phosphorus and the 
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Figure vV-9 


Experimental a (100.1 MHz) nmr spectrum of 

H °K i c 

© 3 (CF) PFN(CH,) 5 at 303°K, obtained froma 
solution, in CrCl, containing about 5% TMS 
reference. The frequency scale gives chemical 
shift values in Hz measured relative to 


internal TMS. 


'H (60.0 MHz) nmr Spectrum of 


(CH,),N 


T=303°K 


Figure V-9 


, _ i oh. 6 
ia - Bis > . bias 7, yu! 
289, MUALS OIE ol ve | shiRA Nah 4 
+ » , 4 wm te | 


; iP 
2, | hue wheeled 


} . 
a Va. 


7 
‘ i. we — i] . 
Ce) 
; - lett, 


triplet structure is due to coupling with the two fluorine 
atoms directly-bound to phosphorus. Mutual coupling of 
the two sets of protons is not observed, nor is the 
coupling of the protons with the CF, fluorines. 

The 195, nmr spectrum (Fig V-10) shows two resonance 
regions, one at a high field arising from the CF3 GrOuL, 
and one at a much lower field due to the directly-bound 
fluorine atoms. The CF. region consists of a doublet 
of triplets and remains essentially unchanged with tempera- 
ture. The doublet splitting is due to phosphorus coupling 
and the triplet structure due to coupling with the two 
directly-bound fluorines. The P-F region is a doublet of 
septets of septets. The main doublet is due to P-F 
coupling, the primary septet is due to coupling with the 
CH, protons and he, fluorines, and the secondary septet 
structure arises from coupling with the six dimethylamino 
protons. This assignment is supported by the magnitude 
of the relevant coupling constants evaluated from the 
me nmr spectrum. 

The proton-decoupled ae nmr spectrum (Fig V-11) 
consists of twelve lines, the primary triplet due to coup- 
ling with the two directly-bound fluorines and the quartet 
fine structure due to P-CF, COupiing. 


All these spectral patterns are consistent with any 


one of the following trigonal bipyramidal structures 


(Fig V-12) assuming that any axial-equatorial permutations 
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Figure v-10 


Observed ee (94.1 MHz) nmr spectrum of 
OT” ~ < 
CH, (CF) PF{N(CH3) > at 303°K obtained from a 
solLuctone. 2 cFCl, containing about 5% TMS. 
The frequency peak gives chemical shift values 


in Hz relative to internal cFcl,. 
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Figure V-10 
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Eiguresy=LiesObsenved P ~ {tH} (36.4 MHz) nmr spectrum 


Ov 7 
of CH, (CF) PF,N(CH,), at 303°K obtained from a 


solution an CFCL. ‘containing r abouteste Tus. 
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The frequency scale which gives chemical 


shift values relative to PA% was measured 
19 


relative to the F (CFC1,) heteronuclear 


lock and converted to appropriate values of 


the re reference compound. 
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Figure V-1l 
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1 (100.1 MEz) 


Comparison of the experimental 
nmr spectra of CH, (CF) PF, (SCH) and 

CH, (CF 3) PF. (SCD) at 304°K. The spectrum of 
CH, (CF) PF, (SCH,) was obtained from an approxi- 
mate 50:50 solution in crcl, and CF,Cl, 
containing about 5% TMS while that of CH, (CF,)~ 
PF, (SCD) , was obtained from a solution in CFCl, 
and TMS. The doublet of triplets subspectrum 
arising from SCH. is absent in the deuterated 
compound. The frequency scale in Hz was 


measured relative to internal TMS in both 


cases. 
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"H (100.1 MHz) Spectra of 


Pl 
F CH,(CD,) 
T=304°K 


-SCH3 


-SCD3 
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Figure V-14 


Experimental 13, nmr spectra of CH, (CF) PFo- 
(SCH) (P-F region only) at various tempera- 
tures between the fast- and slow-exchange 

limits obtained from a solution in approximately 
S0e5U CFC1,:CF,Cl, containing about 5% TMS. 


The frequency scale gives the chemical shift 


values in Hz relative to internal CFCl.. 


or 


\9—E SPECTRA (PE PORTION) OF 


at 94.1 MHz J 
TEMP =304° K ave 


TEMP =253° K 
TEMP = 223° K 


TEMP =183°K 


ee eee ee eee 
-1000 -1500 -2000 -2500 -3000 Hz 


at 84.6 MHz -{'H| 
TEMP = 183° K 


1 | 
J pp. 
| ] | 
Joe 
(ee en a eg te i i ee ee 
- 1000 -1500 -2000 -2500 -3000 Hz 


Pigune v-14 


96143 botvecem 


to osu lav 


Figure V-15 Observed ys ath a} (36.4 MHz) nmr spectra of 
CH, (CF) PF. (SCH,) at the fast- and slow-exchange 
temperature limits obtained from a solution in 


approximately 50:50 CFC1,:CF,C1, containing 


about 5% TMS. The frequency scale which gives 


chemical shift values relative to PA% was 


measured relative to the 19, (CFC1,) 


heteronuclear lock and converted to appropriate 


on 


values of the P reference compound. 
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would be resolved within the temperature range examined. 


(CH,),N CF, (CH.,).M 
rach ae ee “AF 
Py F,C———p- (Cup == ue py 
3 F F F 
CH, 3 CF, 
(A) (B) ie) (D) 
PiGuue avis ks, 
The numerical values of Ly (850e8Hz)evand 25 
iDEN Ber 
(157 Hz) observed strongly Suguestaemee that the two 


directly-bound fluorines occupy equivalent axial positions 


and that the single CF_ group occupies the equatorial 


3 


possiien sind cabinguthat tstructunein(Asaner tonya losis the 


ground state geometry for CH, (CF,)PFN(CH3).. Thess. Ss 


also in agreement with the 'electronegativity ney which 
predicts that the fluorine atoms would occupy the axial 


positions. 


De Methyl (trifluoromethyl) difluoro (methylthio) phosphorane 
5 
The normal temperature (+31°C) rae oes and tb nmr 
spectra of CH, (CF) PF. (SCH) are shown in, Fiqs®, V=137 to 15. 


Une ty mmr spectral pattern is similar to that of CH,- 


except that the two resonance regions exhibit 


CF PF N(CH ) 


I See 


equal intensities because each arises from one methyl group 


4, 

; oe 

: we yt o 
: e gia 
" tal ‘yd 


c)-). eimeetl i 
ee — - | L - 7 : ey 
P ate eee (SB BOR) i, 30 Soodey fsoixsmua sdT 


: | Cs | 
Bt ras, veBpeVe Nivagida HevisedoO (si. vest, 


oad aia 26e-- : 
: 7 ae 
Hieteives yoreooe otha lS banod-ylz: 


So saat ri “ 
nosy iad - Bees piesa lh 
wy 7 


Jen side ot seigiooe quaneg Plc sipage ord aad 


Jy ole «ab Hal. paiguise tects eatapaithas cotter 


" 7 


7 ioe OPS 
| ph ea?) Ji NS) 30) yo a (tiemoep ia “7 * 
- . aa) cw a. fuss vadvaamddiioelt siiy Agysv aneaseine: 
r 
eer tebe avy yousse bivow ‘anode enfroci? off taeda 23055 ah 
; : D cm 


sanoist oF 4 


; hi ¥ i 

gonciae sso mnanpldaeiieanl 2b Iyisoomsng iss) Lian 
' ayer ' v 

Pa Br a” ‘ees rh yw "PLE +) swwteregng? Lemmon sat iv 
rin s 


Doky, od 28+ cag etd, qame ate, IR), Hy 10) ,#9 20 83 eae 
<p to! ames on “alt ints 2: snedey textiege es: 


| peidaing, seco bya © a 1 viet ser sng (HM 


L235 


The high field resonance peaks are assigned to the protons 
of the CH3 group attached to phosphorus and the downfield 


peaks to the SCH. protons because the deuterated compound 


3 


CH, (CF) PF SCD. exhibits only the high field resonance (Fig 


2 3 


V-13). This assignment is consistent with the relative 


electronegativities of the atoms to which the CH, groups 


3 


are attached, the highest field resonance signal arising 
from the CH, group attached to the atom of lower electro- 
negativity (P), thus it is the most highly shielded CH, 
group. °® 

The 195 mmr spectrum at normal temperatures (304°K) 
shows two resonance regions corresponding to the CF. 
(high field) and the P-F (low field) groups in the molecule. 
The CF, region is a relatively sharp doublet of triplets 
showing good resolution of the coupling to phosphorus 
as well as to the two directly-bound fluorine atoms. 
The P-F region at 304°K (Fig V-14) consists of a doublet 
with apparent septet splitting on each doublet component 
arising from partially resolved coupling with the CF, 
fluorines and the CH, protons. The P-F region proved to 
be temperature-dependent. At 253°K, the septet fine 
structure is lost and the two peaks shift upfield with 
the peak separation increased by 18 Hz. At 223°K, a new 
broad peak emerges at a lower field (~ 1240 Hz). The 
limiting spectrum, obtained at 183°K, shows three distinct 
sets of multiplets with an apparent intensity ratio of 
195, 


u2-0% “Thetinterpretationsot this low-temperature 
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nmr spectrum was aided by the proton-decoupled F 
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spectrum of the P-F region at the same temperature but at 
a lower spectrometer frequency which showed a much 
simplified spectrum consisting of two sets of equal 
intensity doublets, indicative of two distinct P-F 
resonances. Thus the two directly-bound fluorine atoms 
have become magnetically non-equivalent at the lower 
temperature. At this low temperature, each component 

of both doublets is further split into a doublet of 
quartets with a 1:3:3:l intensity ratio. This secondary 
doublet splitting is due to coupling between the two 
fluorine atoms directly-bound to phosphorus, and the 
quartet fine structure is due to the coupling of these 
fluorine atoms with the CF, group. The relevant para- 
NetenoeaLescQi Ven sina lableass (Chapter slLL)s. 

The normal temperature proton-decoupled ao nmr 
spectrum (Fig V-15) consists of a triplet of quartets, 
indicating resolved coupling with the two magnetically 
equivalent directly-bound fluorine atoms and the three 
CF. fluorines. At 180°K, a sixteen line spectrum results, 
consisting of a doublet of doublets of quartets with 
two nearly overlapping central quartets. The principal 
doublets are due to phosphorus coupling separately with 
each of the non-equivalent directly-bound fluorine atoms. 
The quartet fine structure on each line arises from 
coupling Of phosphorus sw len tne CF, group.  l[heryso0sckinme 
spectra of CH (CF ,) PF. (SCH,) are consistent with any 


one of the following trigonal bipyramidal structures: 


124. 
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Figure V-16 


Comparison with other systems and consideration of the 
electronegativity rule would suggest structure (A) (Fig 
‘V-16) as the most reasonable alternative for the ground 
state structure of this molecule. The loss of equivalence 
of the fluorine environments clearly shown in the variable- 
temperature proton-decoupled as and aoe nmr spectra is 
most likely due to cessation of free rotation about the 
P-S bond analogous to the behavior of tetrafluoroalkyl- 
and arylthiophosphoranes.>~ Theoretical seudtes oa ee 
suggest that the most likely ground state conformation is 
the structure in which the methyl group lies in the 


axial plane placing lone pair (or pm) electron density 


in the equatorial plane (Fig V-17). 
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Figure V-17 


Whether the fluorine which shows coupling with the 


SCH, DEOLONS Fi Smtrans .Orec?s torther SCH sgroupecannot 


3 
be decided on the basis of available information, and 
more extensive and comprehensive investigations are 


required on this and similar compounds to resolve this 


problem. 


VA Bis (trifluoromethyl) dimethylamino (methoxy) fluoro- 


phosphorane 

The 1a nmr spectrum of (CF) .PF (OCH,) N(CH), at 
normal temperatures shows two resonance regions of 1:2 
relative intensity ratio corresponding to the resonance 
of the three methoxy group protons and the six dimethyl- 


amino protons respectively. Each region consists of a 
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Figure v-19 


Experimental se (94.1 MHz) nmr spectra of 


(CF ,) ,PF (OCH,)N(CH,) > at various temperatures, 
obtained aroma solution io approximately 50:50 
CECH :CF,Cl, with about 5% TMS. The frequency 


scale gives chemical shift values in Hz 


relative to internal CFC1.> 


130. 


evoad Miz \inmreSpecirater 


"pg (816 Hz) 


i 8 
h=sO5 aK 
ee ene eee ee 
ee. SE 2 Meee a Deedee 
-4400 -4600 -5200 -5400 Hz 
T=283°K 


T=273°K 


Malaita cami Oi ioe Ne iho atl hay 
-5700 -5900 -6100 -6300 Hz 


"Jog (~820 Hz) 
aes 


EN, cae 


183°K 


oth ti eee: etl | tea Sal che inch = vel ett een ie Se = 
-4500 -4700 -4900 -5100 -5300 -5500 -6100 -6300 Hz 


Figure V-19 
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relatively broad doublet of doublets indicating that the 
proton signals are coupled with phosphorus and with the 
Single fluorine directly attached to phosphorus. Upon 
expansion of each doublet component, the dimethylamino 
proton signals (at higher field) show the coupling with 
the six fluorines in the two cr, groups with moderately 
good resolution (Fig V-18). The coupling of the methoxy 


protons with the CF, groups is not as well resolved. 


5 

The 19, nmr spectrum shows three distinct resonance 
regions at 305°K (Fig V-19). The lowest field resonance 
consists of two widely separated (J ~ 816 Hz) broad peaks, 
and is assigned to the directly-bound fluorine atom on 
the basis of the magnitude of the chemical shift and 
coupling constant values. The middle field resonance 
region is similarly a broad doublet but with a much 
smaller separation (J = 62 Hz). The highest field 
resonance region consists of a pair of broad doublets 
apparently split into 5 lines each. The major separation 
of this doublet (J = 130 Hz) is greater than that of the 
middle field set but is still considerably smaller than for 
the first set of doublets. These latter two regions 
are assigned to the axial and equatorial cF, groups 
respectively, in agreement with the trends established 


previously. The ground state structure therefore is: 
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Figure V-20 


This structure is in agreement with the simple electro- 
negativity (and apicophilicity) predictions since the 
most electronegative substituent F is placed in an axial 


position while the -OCH., and “N(CH,) 5 groups occupy 


3 
equatorial positions. The CF. groups, more electronegative 
than the “OCH, OG -N(CH,), but less electronegative than 


F are forced to occupy the two dissimilar remaining 
sites and hence are non-equivalent. The structure is 


supported by the splitting patterns, by the magnitude of 


palin (816; Hz)» which is in the correct range for axial 


fluorine on phosphorus and by the rs values of the 


2 
3 groups. The smaller Jp_p value (Ue=625Hz, or; = 


62.1 ppm) is associated with the axial CF 3 group while 


CE 


the larger of thetwo values (J = 130 Hz, °or, = 65.3 ppm) 
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is associated with the equatorial cr, group. *“The*resolu- 


cron fopithe ttwo-ditferent CF. environments at 305°K implies 


that the barrier to positional exchange of these two CF. 
groups is relatively high. 

The best resolution of the apparent guintet fine 
structure appearing in the highest field resonance peaks 


(equatorial CF, doublet) was obtained at 283°K, and a 


3 


septet structure became apparent, but at the same time the 


axial CF, doublet became even broader. At 273°K more 


drastic changes appeared in the spectrum. The axial 


CF, resonance doublet is almost completely collapsed and 


the doublet of septets due to equatorial CF, resonance 


shows some asymmetry. At 163°K a number of complex 


asymmetric multiplets appear between the P-F doublet 

and the original high field doublet of multiplets 
(equatorial CF,)> with the latter becoming even more 
asymmetric both in height and splitting pattern. Such 
complex spectral patterns appear similar to those observed 


in the low temperature io spectra of a number of phos= 


26a,b 


phoranes containing CF, and N(CH.) , or OSi(CH,), 


3 
groups. /3 These changes, which appear to affect the 


axial CF, Signals more than the equatorial CF, signals, 


3 
have been interpreted as arising from the cessation of 
conformational averaging processes either of the OCH. or 


N(CH3) 9 gvoupeormboth, thus locking the axial CF, group and 


destroying the magnetic equivalence of the fluorine atoms 
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of the axial CF, group. The spectrum is too complex and 

too poorly resolved to assign completely at this time. 
Heating the sample also alters the appearance 

of the rs nmr spectrum. At 333°K the two distinct CF, 


resonance peaks start to broaden with concomitant 


loss of the fine structure of the equatorial CF, region. 


3 
At 343°K one observes only four broad humps in these two 
resonance regions (Fig V-21). 

Much higher temperatures were not explored because 
of the likely thermal instability of the compound, which, 
in keeping with similar trifluoromethylphosphoranes, would 


probably suffer ready elimination of CF The observed 


2° 
behavior of the nmr spectrum at elevated temperatures 
is strongly suggestive of the onset of magnetic equivalence 
of the CF, groups presumably due to a process similar 
to that observed in analogous compounds sat 
The proton-decoupled ne nmr spectrum of (CF) 97 
PF (OCH,)N(CH,) , is readily assigned as a first order 
AMX3Y3 pattern with some overlapping of lines. The 
basic pattern arises from a major doublet, each line of 
which is further split into a quartet by the equatorial 
CF, group and each line is then further split into a 


quartet with accidental overlapping of some lines. The 


stick diagram in Fig V-22 traces the origin of the 


spectral splittings. 
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Figure V-22 


Experimental and calculated ae ~ 1H} (36.4 


MHz) nmr half-spectra of (CF) PF (OCH,)N(CH,). 
near the high-temperature exchange limit. The 
experimental spectrum was obtained from a 
Solurionein CFCl, with about 5% TMS. The 
frequency scale which gives chemical shift 
values in Hz relative to PA% was measured 
relative to CrCl, as a heteronuclear lock. 

The stick diagram traces the origin of a 
pattern of a quartet of quartets of quartets 
arising from phosphorus coupling with two 


non-equivalent CF. groups and one CH, group. 


3 
The central pair of lines, which should be 
the strongest lines in the spectrum, are not 
the tallest lines because the system is 


beginning to show the effects of a reduced 


rate of exchange at this temperature. 


iy nmr (36.4 MHz) ~{'H} Half - Spectrum 
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Figure V-22 
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1h SE des 


Ee Bis (trifluoromethyl) dimethylaminodifluorophosphorane. 
The ty ana iE nmr spectra of (CF,),PF,N(CH,), 
obtained at 60 and 56.4 MHz, respectively, devart strik- 
Pig lL yeLcOnM aelLirst-orderasplitcingepattern: (higeV—-23,24A) 2 
Simulation of the spectra by means of the computer program 
NeMART Tao nau rig the parameters derived from the high 
frequency spectrum, confirmed this interpretation. The 
Oe spectrum gave reasonable agreement with experiment and 
the 19) spectrum gave excellent agreement with experiment 
only when mee and 0 were assigned ovposite signs, 


confirming the general relationship of these coupling 


100 


constants (Fig V-24C). 


At higher operating frequency, 100 and 94.1 MHz, respec- 
tively for aT and ae the second-order effects disappeared 
(Fig 23,24B) reducing the splitting pattern to that of 
a simple first-order spectrum. Under these conditions 
the lh spectrum consists of a doublet of triplets due 
to proton coupling with phosphorus and further coupling 
with the two directly-bound fluorines. The 19), nmr 
spectrum shows two resonance regions with the multiplicity 
and intensities consistent with the presence of two 
magnetically equivalent directly-bound fluorines and 
two CF, groups (Fig V-23). The CF3 region (Fig 24B) is a 
Moupleteocels2rle coipletsawille the, Phe regionegisea 


doublet of septets of septets. The primary septet structure 


of each P-F component arises from the coupling of the 
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if 
Observed ~H nmr spectra of (CF) 5PF N(CH), 


at 303°K and obtained from a solution in CFCl, 
with about 5% TMS at both 60.0 MHz and 

100.1 MHz spectrometer frequencies. The 
second-order effect evident in the 60.0 MHz 
spectrum disappears in the 100.1 MHz spectrum. 
Chemical shift values are given in Hz, 


relative to internal TMS. 
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H nmr Spectra of 
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Figure. V-23 
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Figure V-24A 


Observed may (56.4 MHz) nmr spectra of 


(CF,)PF,N(CE,), obtained on a solution in 
CFC1.. The scale gives chemical shift values 
in Hz relative to external CFCl.. The 
expansions are shown with arbitrary vertical 
scale. The singlet at -3850 Hz has an 
integrated relative intensity of 3.9 units 


relative to 3.0 units for the triplet centered 
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Figure V-24B Observed 19° (94.1 MHz) nmr spectrum of 
A : 
(CF) >PF,N(CH3) 5 at 303°K and obtained froma 
solution in CFC1. with about 5% TMS. The 
frequency scale is given in Hz relative to 


internal CFCl,. 
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Figure V-24B 
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Figure V-25 


Zor (36.4 MHz) nmr spectrum of 


Experimental 
(CF) ,PF,N(CH,)., at 188°K obtained froma 
solution in approximately 50:50 CFC1,:CF,Cl, 
containing about 5% TMS.) The?chemical shite 
values which are given in Hz relative to PA% 
were measured relative to the 19, (CFC1,) 


heteronuclear lock and converted to appropriate 


values on the PA% scale. 


149, 
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Figure V-25 


directly-bound fluorines with the fluorines in the two 
CF. groups. With the exception of the outer lines in 
each #septet pyeachelinesisivisibly,*split.“into: septets=in 
the proton-coupled spectrum due to further coupling with 
the six dimethylamino protons. 

The spectra of (CF 3) ,PFN(CH,). taken at 100 MHz 
(tH); 94.1 MHz (1p) and 36.4 MHz (34p) (Fig V-25) are 
first-order and, on the basis of the number of P-F and 
CF. resonances, the number and magnitude of the coupling 
constants observed are compatible with structures (A) 
or (B) in Fig V-26. The electronegativity rule would 
suggest (A) as the ground state structure of the 
compound. The single OS value of 902 Hz and single 
2 

Pr, 


of axial F-P and equatorial CF,-P coupling parameters 


26-28 


3 


established by numerous previous investigations, 


and support the choice of (A) as the preferred structure. 
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Figure V-26 
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G. Bis (trifluoromethyl) dimethylaminochlorofluorophos- 
phorane. 

The ly nmr spectrum of (CF,) >PFCIN(CH,) , consists of 
a broad doublet of doublets, the principal doublet arising 
from coupling with phosphorus and the secondary doublet 
from coupling with the single directly-bound fluorine. 
thesproton coupling to the CF, fluorines is not resolved 
(Fig V-27). 

The 19, nmr spectrum consists of a doublet of doublets 
in the CF. region, and a doublet of septets of septets in 
the P-F region. The major doublet in each region is due to 
sorrel eae with aRaeonortee The doublet fine structure in 
the CF. region is due to coupling of the directly-bound 
fluorine with the CF, fluorine atoms. The multiplets 


in the P-F region arise from fluorine coupling with the 


six fluorines in the two equivalent CF, groups and then 


f) 
further coupling with the six dimethylamino protons (Fig 
Via 8 jis 
31 
The proton-decoupled ~"P nmr spectrum is a doublet 


of apparent quintets. The ratio of the line intensities 


however, is in better agreement with the central 5 lines of 


a septet (1:22:35: 2521) than; with that of -arquinter 
(1:4:6:4:1) hence it is assumed that the outermost unit 
intensity lines of each septet have been lost in the 


background noise. This proposed septet splitting of 


the P-F doublet is to be expected from phosphorus coupling 
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Observed Lh (60.0 MHz) nmr spectrum of 


RiguresVsce 
PF N(CH) 5 at 303°K and obtained from a 


(CF) 5 
solution in approximately 50:50 CFC1,:CFC1, 


containing about 5% TMS. The frequency scale 


is given in Hz relative to internal TMS. 


ES 3 


Vy (60.0 MHz) nmr Spectrum of 


(CH,),N 
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Figure V-27 
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Figure V-29 Observed ois s ate (36.4 MHz) nmr spectrum of 
(CF) »PFCIN(CH,) > at 303°K obtained from a 
solution in crcl, with about 5% TMS. The 
frequency scale which gives chemical shift 
values in Hz relative to Pcs was measured 
relative to the oar (CFC1.) heteronuclear lock 


and converted to appropriate values of the 


3 
I, reference. 
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Figure V-29 


5B 


with six fluorines in the two equivalent CF, groups 
(Fig V-29). The proton-coupled spectrum shows additional 
septet splitting of the original septets due to phosphorus 
coupling with the six dimethylamino protons. 

The spectral patterns discussed above are consistent 
weeeany ones of thesfour -tol lowing stxrigonal, bapyramidal 


structures (Fig V-30). 


3 
or i NCH3), : areal. 
: ™cr, ™a 
C1 CF; 
(A) (B) 
F ct 
F,C nes eae ie 
’ | ers cr, 
N(CH), N(CH), 
(C) (D) 


Figure V-30 


From the a hase Bie spectral splitting pattern 


and line intensities of (CF) 9PFCIN(CH,), tise CLear 


that there is a single CF, environment and free rotation 


and N(CH) 4 groups. Furthermore, the 
19 


of the CF. 


invariance of the F nmr spectrum with temperature in 
Contrast with that of (CF) 2PF (OCH,)N(CH3) 9 indicates 


Ehat not only are, the two CF, groups in (CF) 9PFCIN(CH,) 5 


- 
a 


we ase 


2 Gaye) 


magnetically equivalent, there is also no observable 
ligand exchange occurring within the temperature range 
investigated (305°K" to 203°K)> @Either the ligand exchange 
is fast at all temperatures, a situation which is unlikely 
in view of the ease with which different CF, environments 
were detected in the case of (CF) >PF (OCH,)N(CH3) 5. or 

the CF, groups do not participate in a ligand positional 


averaging process. The magnitudes of 1 (883 Hz) and 


[BPS a 
2 
Jpop (161 Hz) observed are within the range establish- 
Baron 28 for axial directly-bound fluorine atoms and 


equatorial CF, groups, respectively. Therefore, we 


3 
propose that the axial positions are occupied by F and Cl 
and that both CF, groups occupy equivalent sites. The only 
other alternative providing equivalent CF. groups requires 
that Cl be placed in an equatorial position with two CF, 
groups requiring that the axial sites be occupied by F and 
N(CH,) > groups, an unlikely situation since Cl is very much 
more electronegative than the N(CH,), group. From these 
considerations the most likely ground state structure for 
(CF) 9PFCIN(CH,). is structure (A) in Fig V-30. 

If the above arguments are correct, two of the phos- 
phoranes investigated herein appear to provide exceptions 


wl 


to Muetterties' "electronegativity rule namely, 


P N (CH - In both cases 
CH, (CF,)PC1 and (CF,), FCLN ( 3)2 


3 
chlorine appears to exhibit a greater tendency to occupy 
the axial positions than the cF, group although the 


latter has a greater electronegativity than the former. 
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Similar observations have been reported by Cavell and 
co-workers7©~28 in their studies on chlorophosphoranes 
containing the trifluoromethyl group. They have pointed 
out that the apicophilicity series evident from nmr 
spectroscopic investigation of a number of phosphoranes 
containing such substituents as F, Cl, CF_, OS54(CH) 3: 


3 


OCH SCH is more in agreement with the 


3° 3° and N(CH.) 5, 
order of the inductive parameters Oy of the substituents 
than with their electronegativity al ucsionee The 


apparent effectiveness of the oF parameter, which is 
thought to give the pure inductive, i.e., electron=- 
withdrawing character, of a specific group suggests that 
apicophilicity may be strongly influenced by o bonding 
effects. In other words, axial site occupation may be 
strongly influenced by the ability of the substituent 

to stabilize the charged structures, e.g., X-Pt-xT in 

the axial bonding framework, and hence the bonding scheme 
proposed by Harare 44 may be See ce If such is the 
case, the contribution of 7 bonding to the equatorial 
preference of such groups as OCH... SCH, N(CH,), may be 
very small. It may well be that since such groups have 
low inductive character they will therefore not occupy 
the axial positions but rather will occupy the equatorial 


sites. 
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Conclusions 


The interpretation of the nmr spectra of the phos- 
phoranes studied in this work was based on the assumption 
of a trigonal bipyramidal ground state geometry in agree- 


ment with extensive data obtained from nmin A eae 


: : 18=75 
vibrational, electron diffraction and X-ray 


crystallographic??/1°717 studies on closely related 
compounds. The interpretations appear substantiated by 
the agreement of the nuclear magnetic resonance parameters 
evaluated from the nmr spectra within the characteristic 
limits established che ace parameters in such magnetic 
environments. It has been Metin eee ames that different 
fluorine environments can be distinguished through the 
magnitude of their one-bond and two-bond coupling with 
phosphorus which may be evaluated from their limiting 
low-temperature nmr spectra. Nuclear magnetic resonance 
parameters evaluated from room temperature spectra in 


the case of CH, (CF) PF and CH, (CF) PF, (SCH,) both show 


3 
averaged values due to permutation of ligand environments 
in the first case and a P-S bond rotation process in the 
second case. At low temperatures, however, the distinctly 
different P-F environments were detectable. The nature 
and energetics of the averaging processes in these and 
related compounds will be discussed in Chapters VI and VII. 


The nmr spectra of (CF) oPF (OCH) N(CH) 4 at normal 


temperature showed two different CF, environments which 
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were assigned to one axial and one equatorial site based 
on the relative magnitude of the two-bond phosphorus- 
fluorine coupling constants (62 Hz and 130 Hz, respective- 
ly). The resolution of the two different CF, environments 
at such relatively high temperatures implies that the 
energy barrier to the ligand averaging process suggested 
by the nmr spectra obtained at elevated temperatures 
(e2G-4715343-K) is high. 

The nmr spectra of (CF .) oPF N(CH 


and (CF PFC1- 


3) 2 3)2 
N(CH.) 5 did not show positional averaging phenomena at 
low temperatures, and in keeping with the previous 


suggestion of a lower apical preference of the CF. group 


3 
relative to Cl,which is contrary to that expected on the 
basis of the ‘electronegativity rule’, the ground state 


structures with exclusive equatorial CF, substitution 


are proposed for these molecules. 


1G 2a 


7 aos Rau ge iniaasaoye ° ‘wv reateue phe 
7 | seataoelon ‘wants 102 


wy ww 


5 
By sth » IE=22 mus as 
bio : 4) ee 
os ; ° ohh 
P a reeset, 
a - ce a fags 
F i > i aa 


CHAPTER SIX 
THE EXCHANGE BARRIER OF CH, (CF) PF, 
FROM DYNAMIC NMR SPECTROSCOPY 
Introduction 
One of the major developments in nmr spectroscopy 
has been the application of the technique to the study 
of molecular dynamics. With the general availability 
of the necessary pulse and computer hardware, studies 
of time- and/or field-dependent effects in simple spectra 
have become nearly routine even for non-specialists. 
In the present work, bandshape analysis of dynamic 
nmr spectra was employed to determine the energetics 
of the averaging processes observed at normal tempera- 
tures and implied by the low-temperature spectra of some 
of the phosphoranes investigated and the results are 
discussed in terms of the rearrangement processes which 


occur in these fluxional molecules. 


Stereochemical Non-rigidity in Phosphoranes 


The fluxional character of pentacoordinate phosphorus 
compounds has long been recognized and has been extensively 
studied both because these compounds are believed to be 
intermediates in biological processes involving phosphate 
esters and because the ligand permutations in these 
compounds provide experimentally tractable examples of 


the fluxional behavior which is an important feature of 
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Many pentacoordinate inorganic compounds. 

Because the ligand rearrangement is observable 
experimentally, the mode (or modes) of the rearrangement, 
i1.e., the different combinational possibilities for 
isomerization are, in principle, also observable. In 
practice, however, experiment can distinguish among the 
various rearrangement modes only if the permutation 
involves a one-step process or if there are unusual sets 
of constraints in the molecule to rule out the other 
possible modes of rearrangement. This arises because 
single-step rearrangements of some modes are equivalent 
to multi-step rearrangements of others .°2 Information 
regarding the mechanism of these rearrangements on the 
other hand, is usually only inferred on the basis of the 
expected energy barrier of the reaction path in the 
hypothesized mechanism. 

A number of mechanisms have been proposed to account 
for the rearrangement processes in phosphoranes. Two 
suggested mechanisms which involve an equivalent cyclic 
permutation of ligands are the Berry Pseudorotation 
(BPR) /° mechanism and the "turnstile rotation" (TR) 


76 


mechanism, The BPR, which was the first mechanism 


proposed, was invoked to explain the magnetic equivalence 


: 19 
Geetnie five fluorine ligands in the F nmr spectrum of 


pret” although ir and subsequently electron diffraction 


studiest?4"P confirmed the expected distinguishability 
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of the axial and equatorial P-F bonds. A one-step ligand 
rearrangement process is proposed operating via a 
synchronous pairwise exchange of two axial and two 
equatorial ligands. The pathway for this exchange may 

be imagined to result from a vibrational bending motion 
of both axial and equatorial ligands traversing a square 
pyramidal transition state (see Fig VI-1). Ligand 3 
serves aS a pivot and executes little or no motion 


during the exchange process. 


£1P2 120°—» 180° 
Z4P5 180° —> 120° 


Figure VI-l 


“210 : 
Normal coordinate vibrational analysis and semi- 


empirical MO daaretions: - have indicated that the 


1 Gee 


energy pathway for this exchange involves a greater 
contribution of the in-plane equatorial bending motion 
relative to the axial bend. 

This model of exchange was initially accepted as 
the general mechanism for the ligand permutation processes 
in phosphoranes. Thus the classic work of Whitesides 
and Mitchell! / on the fluorine ligand rearrangement in 
F4PN(CH,), was initially interpreted to be consonant 


only with the BPR mechanism.++?78 


This view has since 
been modified because the TR mechanism provides an 
alternative means of obtaining cyclic pairwise exchange 
o£ higemmd. 2 ae The TR mechanism, which may be visual- 
ized as a combination of the three motions (see Fig VI-2), 
involves an internal contrarotation of a pair consisting 
of one apical and one equatorial ligand versus the three 
remaining ligands acting as a trio from an initially 
deformed trigonal bipyramid. The components of the 
process may be described as follows: Two equatorial 
ihteands, 2 and 3, undergo an initial relative’ bending 
motion reducing the normal 120° bond angle between them 
to approximately 90°. Ligands 1 and 4 tilt by about 9° 
(Fig. II-2a) while maintaining their mutually perpen- 
Grculaw rebative positions. The third componentsis) an 
Mmternal rotation of the: pair of ligands, 1 and 4, 

a foomistatneatr1O ucts lagandSy2, 3, and ou(hig wal i—25) 7 
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relative internal rotation of 30°. 
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rotation 
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Figure VI-2 


30° net 
internal 
rotation 


Further rotation by 


30°, and relaxation of the bond angles gives the isomeric 


trigonal bipyramid (Fig. VI-2d). 


The TR mechanism shares some common features with 


BPR, namely, (1) angular momentum is conserved in an 


Wdealized case, and (2) a cyclic permutation of two 


axial with two equatorial ligands occurs. 


Note that if 
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the BPR permutation cycle is represented by (ae"a'te') 
with e as pivot, the same result can be achieved by any 
of the four TR processes represented by (ee'a) (a'te"), 


(ee'a') (ae"), (eeTa)i(ae\aunand (cea ja(aets) = 


e/ Qa 
ld’ | 17 
e ._BPR_, yr" TR 
™, (aera’e?) © Wg” leerantares® 
ee” a’ 
wa hat 
TR (ee a) (a’e} TR 
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Figure VI-3 


The four equivalent TR processes are united by the 
fact that the "trio" contains the pivot e of the 


corresponding BPR process, and the relative direction of 


"trio" rotation is such that the ligand e moves to replace 
the other originally equatorial ligand, and this second 
equatorial ligand moves to the axial position. 

The fundamental difference between the BPR and TR 
mechanisms is that the TR mechanism involves an internal 
rotation about an axis through the central atom whereas 
the BPR does not. Consequently, these two mechanistic 
pathways proceed through entirely different geometries, 
symmetry, and potential energies, and therefore the two 
mechanisms may provide very different barriers. Although, 
as indicated above, only the mode of a permutational 
process is observable by nmr spectroscopy, insight into 
the exchange mechanism can be provided by a knowledge 
of the energetics of the process coupled with ab tnitto 
calculations of the potential surfaces involved in the 
various proposed mechanisms. In addition, if intermediate, 
species can be detected, a more detailed analysis of 
a multi-step mechanism would be possible. However, since 
short-lived intermediates are not readily detected by 
nmr spectroscopy,such expectations would be achieved 


only in fortunate circumstances. 


High Resolution NMR Bandshape Analysis 


There have been two main approaches to the theoretical 
description of high-resolution nmr spectra of fluids: 


(1) the phenomenological description in terms sO the 
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Bloch equations, and (2) the quantum - mechanical descrip- 
tion in terms of a spin Hamiltonian. The Bloch equations 
aresuseful in describing complicated effects, e.g., time— 
Omeereld-dependent effects, in simple spectra, i.e., 
spectra of molecules with a single magnetic nucleus. 
These equations incorporate two relaxation times, Ty and 
To, which govern the spectral line shape. The spin 
Hamiltonian on the other hand, is useful in describing 
complicated spectra, i.e., spectra of molecules with 
several magnetic nuclei. It contains two molecular 
parameters, the chemical shift and the coupling constant. 
Line positions and intensities, but not line shapes, can 
be obtained from the spin Hamiltonian. Line shapes in 
complicated spectra are most conveniently described by 
the density matrix treatment. The methods used herein 
have been extensively described in the iipersrureme mo 
The ligand exchange-broadened spectra of CH, (CF) - 
PF3 discussed in this chapter and the methylthiophosphoranes 


SCH = 0) Mos 0) tOe 3 tafe =ile =e) 
(CH,) (CF) PF zal Cc 3) (n 


4-m- 
discussed in Chapter VII were computer-simulated using the 
program excusys. °4 This requires the formulation of a 
kinetic exchange or a K matrix which is essentially an array 
of the probabilities of exchange of magnetization between 
the lines in the spectrum. The lines arise from allowed 
transitions between magnetic spin states of the observed 
nucleus. The multiplicity of the system is governed by the 


mutual interactions of the observed nucleus and the other 


Magnetic nuclei in the molecule. 
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Results 


The K matrix used to describe the exchange in 
CH, (CF,) PF is given in Table 1 (Appendix) . Figure VI-4 
shows the simulated and experimental ele nmr spectra in 
the intermediate exchange region where the most rapid 
change with temperature occurs. The limiting spectra 
for fast and slow exchange have been given earlier 
(Fig V-5). At all temperatures a reasonably good fit 
between the experimental spectrum and that calculated 
for an appropriate rate constant was readily achieved. The 
rate constant for the exchange process obtained at each 
particular temperature by this visual shape fitting and 
the temperature were used to evaluate the thermodynamic 
parameters in equations VI-3 and VI-5 by means of the 
program acten.°? The results are shown in Table 10. 

The rates of exchange k (taken to be the pseudo 
first-order rate) at different temperatures (T, °K) are 


fitted numerically to the Arrhenius equation: 


wa (VI-1) 
int k= pr tin A 


and the activation energy, E, is calculated from the slope 
Gietne Straight line. Plots’ of this equation for the 

various systems are given in Figure VII-l. The assumption 
that E. and A are temperature independent appears to hold 


over the range of temperatures investigated in the present 


Je fal lees 


cxsoag eel eer Lawse suusexaipied 
TatTIee aowke, nied eves spanitoxe wole san 4 ; 
+13. on Seon x somuserogmes ft 3k of 
peratindno: apie bas mexctsega Issaqmbsedxe aad, ee 
 heveidos, yttieee apw tuptenge e3at ces eon tg. 5 AN ay 
disne os Sort mete. Leen sunpione gis sod snnseeon, SHEE 3 
bos pelea ee Siw ov rid? vd otwiaseqmes ialuskaxtq, 
otpunyh omen $07 edaetes oe Same ne! 
arte Ho in et ti ots anoisnups at 
OL eee nt ) Atte, wg hacer ae? ES wasO 
clr aan uty" ag 02 nen % epitetoxe lo sezex SAT nan 
ens (n"-\ 1} ctviusnptigiiet anex939.<5 te (e282 sobae-deatt ‘i 
ss lc aamalael of ylisslzemyn an, di 


(d-59) 


LIZ. 


P : 4o96 3 TeUOTXNTZ bia iD 
D - Mo€ST 38 TeuoTXNTI Page ( ao) 

p ~ c°o t 7-7 Pegs (OSes 
p ~ S°0 F ZL © gato 
p - SCE T €°9 ®aacn) © a0 
p z To8TZ Z°OT © aaeu 
p 2 Sineyals L°8t Esa’ (S999) 

p = WoEPE Gat © san? (© x9) 
12) = MofEE 8° LT etd (oH) 
9 a°TOHO 4096 Boy) fe aby Vaato 
9 a°TOHO 1881 Z°0 F gg ¥ aan’ ("u9) 
q fto°ao/*10a9 «=~ M 62 ZO? 649 ort pt6 Fama © a0) EHD 

eoueteyey (Ss) qUeATOS peace i. punodwo5 


sanjzeroduay, d DV 


pseueroydsoyg oauos UT su UOTFEIOAOpNSSY, AOZ srzsqowuerzeg UOTIPAT IOV 


OT ATEVL 


a} 


drags’ 


a ae 

wi 
+ “| 
: re 
22% 


b 4 
er ; 
a ; 
2 


‘es > 
m4 
fi 


. 


os) 
, 


‘of a = 2: 2.8 * 5.5 
a. ~ . | , 250) £29 


wiki. gs lspoisxel? 


: ~ @°3R. de temo txel? ee 


Po 


we & 
‘ 


a7 /E fe 


COT °3FeUu 

UFSerTSYA SSoUereTeA pue og -zoy 
66 °“FeUu 

YIOM ZUuSeSssIrg 


STOW/TeOY UT ere STejewered uot ZeATROV TIw 


q 


eR 


enter aeee e eS 
OT AIAVL YO SALONLOOG 


allt 3s rats . = 
a an 


Sc pst45 asataqarae hate 
ay 


SPEC 
een Nt noistuloe & hess PermseAsdo ann 


@2 4rctn -cie ised fAte IDt> Of:0£ 


& 
a 


: cane SelliecdS «sew ay Bene SeJelinoIun eaft 


\ 

W) PRAIA seaniosse aeoirau!) U sires aur 
‘ 
f 


aoa Gren SUES See si oft) -- Ai* Ts Pan 


os 1 


' 


- 

3 me sricete: lie fevdneals 
ee to aff wi evitiles Uniovaes ene 
4 - — 

| Bap; +6 . | Ln SG Hoty 
» = ~~ @& I , ; 

sas . ; 


a s ‘ 


By See oot ARTO, Te. Shee x. soe ‘ 


agin 
Mm fF omz raqx" at mabe A, J ~ipet Téa 


a 


Figure VI-4 Experimental and calculated 345. (1 (36.4 


MHz) nmr spectra of CH, (CF 3) PF aAtapaLtilcuLlar 


& 
temperatures and appropriate rates of exchange 
of magnetization. The experimental spectra 
were obtained from a solution in approximately 
Sie sie) CFC1,:CF Cl, containing about 5% TMS. 

The calculated spectra were obtained using a 

K matrix assuming an intramolecular axial- 
equatorial fluorine exchange mechanism (Table l, 
Appendix >). &rhe eeeaenes scale which gives 
chemical shift values in Hz relative to P40, 
was measured relative to the CFC13 hetero- 


nuclear lock and converted to appropriate 


values of the 31, reference. 
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Figure VI-4 
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study. 


In addition, the Eyring equation 


kK = « (2) exp (-aG*/Rt) (VI=2) 


where k is the rate constant, k the transmission coefficient 
(set equal to unity), k is the Boltzmann constant, R the gas 
Conustant, Nn 1S .Planck's constant and act the free energy of 
activation, rearranged by substitution of the equality given 
in equation VI-3 into equation VI-2. 


AGT = Ant - vast (vI~3) 


gives equation VI-4; 


= ($2) exp (-AH*/RT) exp (AS*/R) (vI-4) 


which was then rearranged to equation VI-5; 


+ + 
Pa cea AHS SAS 


themlinear plotof In(k/T) versus .1/T, obtained|by numerical 


data fitting, gives a slope equal to -AHT/R and an intercept 


or and Ast 


eavaleto in(k/h) + AS /R from which AH values 


can be calculated. As before, k is set to unity and it 


er and as* are independent of. temperature. 


is assumed that AH 
. =F , 

The barrier obtained is expressed in terms OfLSAG" “since < 

this parameter is the least sensitive to the errors 


¥ + 
inherent in these Bay se ie whereas AH and AS are more 
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influenced by error albeit ina compensating fashion. 
The results for CH, (CF,)PF, and the other compounds 
studied are given in Table 13 (Chapter Vir) .-" For purposes 


of comparison all AG* values are given at 298°K. 
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Discussion 


A number of factors must be considered in the 
interpretation of exchange-broadened nmr spectra. First, 
the temperature dependence of the chemical shifts, and 
EGmamtesser extent, of the coupling constants, )ihe latter, 
if pronounced, generally indicates the occurrence of 
some exchange process between two or more molecular 
states. Second, the possible occurrence of more than 
one broadening mechanism. Third, changes in solvent 
properties and instrumental magnetic field inhomogeneities 
with temperature, and finally, inaccuracies in temperature 
measurements. 

MiewLicste factor, did) not Signifticantly atfectschne 
present work because the averaging phenomena simulated 
were coupling constant-, not chemical shift - averaging 
effects, and the high- and low-temperature limiting 
spectra were obtained in all cases, all of which showed 
appropriate numerical relationships between high 
temperature averaged coupling constants and low tempera- 
ture limiting values. In one instance magnetic field 
inhomogeneity broadening was suspected and confirmed. 

It was successfully overcome in a repeat determination of 
the spectrum. The temperature accuracy of +1°C, establish- 
ed by calibration, was the best that could be obtained 


with the existing controllers although the temperature 
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Figure VI-5 


Calculated oh 


P ~ (1H} (36.4 MHz) nmr spectra 
of CH, (CF,)PF, at the fast-exchange limit, an 
intermediate rate and at the slow-exchange 


limit using a K matrix constructed for an 


intermolecular exchange mechanism. 


INTERMOLECULAR EXCHANGE SIMULATION 


(P—F BOND BREAKING) 


1000 Hz 


}-———4 


RATE= 10° sec”! 
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RATE= 102 sec”! 


Figure VI~-5 


180. 


could be maintained to better than +0.5°C at any 
particular value and no measurable temperature gradients 
existed over the length of the sample Eubee es 

The possibility of an intermolecular exchange 
mechanism for CH, (CF,) PF, was ruled out by the invariance 
of the spectral patterns with concentration. Further 
confirmation of the intramolecular nature of the process 
was obtained in the case of CH, (CF,)PF,, by demonstating 
that a different K matrix incorporating an intermolecular 
process gave calculated spectra which did not fit the 
observed low-temperature limiting spectrum (see Fig VI-5). 

Finally we considered some possible intramolecular 
pathways to see if a reasonable choice of a pathway for 
the averaging process in CH, (CF,) PF, could be made. 
Two possible routes, both intramolecular processes, are 
presented in Figures VI-6 and -7 for CH3(CF,)PF3, with 
[ ] indicating the substituent acting as a pivot. 
Figure VI-6 includes an approximate energy profile 
expected for the BPR processes. 

There are at least two possible ways of effecting 
magnetic equivalence of the three fluorine ligands in 


CH, (CF) PF through the BPR mechanism. One is by a 


3 


single-step process depicted as (1) —— 1) (200 Sane ouresy tor 
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Figure VI-6 


Berry Pseudorotation permutation pathway for 
the equilibration of the three directly-bound 


fluorine ligands in CH, (CF) PF The 


ove 
accompanying energy diagram was constructed 


assuming that the relative increment of 


activation energy required to place CH, in ar 


axial position is considerably greater than 


that for CF, referred to fluorine in the 


axial position. 
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Figure VI-6 
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The intermediate (or transition state) species structure 


(2) however places both CH, and CF. groups in axial 


3 3 

positions. Semi-empirical calculations indicate this to 
be a very high energy species and so this particular 
route may not be readily accessible to the eta eme i A 
second route is the multi-step process (1) =~ (3) = (4) 
(Fig. VI-6). It traverses two intermediate’ (or transition 
state) structures (3) and (4), each of which is expected 
to be of lower energy than structure (2). Hence the 
multi-step BPR exchange may provide a more favorable 
route than the single-step rearrangement process. The 
"turnstile rotation" mechanism however, provides a 
possible alternative route to the BPR and has an apparent 
advantage over the latter in that the TR species (cf. 
PigeVf—7,, structures (2), (3) and (4)) need, not, relax to 
trigonal bipyramidal intermediates and therefore can 
achieve magnetic equivalence of the directly-bound 
fluorine atoms without going through high-energy config- 
urations. 

It should be mentioned that ab initto MO calculations 
using a large basis set on the model compound PH, gave 
much smaller barriers for the BPR (2 kcal/mole) process 
as compared to the TR process (10.1 kcal/mole). 07 These 
results however, may not be indicative of the situation 
which prevails in more complex molecules such as CH,- 


(CF,)PF, since the model molecule was a symmetrically 
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substituted simple phosphorane, and hence neither ligand 
electronegativity difference nor steric effect was 
involved in the ligand rearrangement. Furthermore, the 
authors themselves imply that the very low activation 
energy for the BPR process arises from the high symmetry 
(Cy) of the transition state/transient intermediate for 
PHey in contrast to the Cy transition state involved in the 
TR process. Methyl (trifluoromethyl) trifluorophosphorane, 
CH,(CF,)PF,, however, possesses only a plane of symmetry 
even in the ground state trigonal bipyramid. Therefore, 
symmetry considerations should not be of much consequence 
in the energy barrier to the ligand averaging process 

in this compound since the transition state/transient 
intermediate in the BPR is at best of Ce symmetry, and 
certainly not much more symmetrical than the C, transition 
state involved in the TR mechanism. Furthermore, the 
difference in ligand electronegativities introduces an 
additional contribution to the barrier because certain 
placements of ligands become prohibitively "expensive" 

in energy. 

Table 16 gives relevant information on the activation 
energies for the ligand averaging processes a CH, (CF,) PF, 
and related X,Pr, (X= He CH, CHL» N(CH.) ,, Cle Br: CF.) 
as well as on the XPF, (X = CH,, N(CH.) 55 Cl, CF.) 
system. The AG og value for the equilibration of the 
three directly-bound fluorine atoms in CH, (CF,)PF, is 


9.4 + 0.5 kcal/mole. It is interesting to note that 
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analogous resolution of the expected axial and equatorial 


fluorine environments in CF,PF, has not been achieved 


even atl 123°K. The higher barrier,in CH, (CF,)PF., could 


beathe result of the electronic effect,ofuthe CH-sgroup 


3 


since a consistent increase in the barrier appears to 


accompany the introduction of CH, into a phosphorane. 


3 
For instance, the AGU value for (CHE by BF sien is.) JegeKkcal/] 
mole while (CF,) 5PF. remains fluxional even down to 
148°K! "63 in spite.of numerous attempts, at.woesolnution.. The 


difference in the barriers of (CF3)5PF., CH, (CF,) PF, and 
(CH) PF 3 is understandable if one assumes a BPR permutation. 


With two methyl groups in (CH PF. the necessary exchange 


3)2 
steps involve an axial position for at least one CH3 Ge. 


Fig VI-6) with a concomitantly high barrier, whereas placement 


of CF3 in an axial position in place of F would have a 
lower barrier because of the high electronegativity of 


the CF, group. Hence the barrier to ligand permutation 


is lowest in (CF) ,PF intermediate in CH, (CF) PF 


oF 
and highest in (CH) ,PF 


td 
ci 
However, anomalous cases do exist. The distinct 


axial-equatorial fluorine atom environments have been 


87 


resolved in such trifluorophosphoranes as HPF, 


86 88 87 89 
4 


Gl PFE ie yet as mentioned earlier, (CF,)5PF, remains 


fluxional down to 14g¢K, 7763 The behavior of (CF,) 5PF 


3 


is not easy to understand since the CF, group appears to 
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be less apicophilic than Cl and Br and 


therefore (CF) PF, should have a higher barrier to 


ligand positional exhcange than either C15PF, on BrPF.- 


Even more unexpected is the behavior of CH,PFy, which 


shows a single (averaged) fluorine environment down to 


89 
96°K, whereas resolution of the axial-equatorial fluorine 


atom environments has been achieved not only in (CH,) 57 


8 : : ‘ : ; 
NPF, : but also in clpF,°° implying a higher barrier 


for the ligand permutational process in C1PF, relative 


Zomchat cor CH,PF,- While it is clear that a BPR 


permutation mode is open to the XPF, (but not XoPF,) 


system which does not necessitate axial position for 
the X substituent (i.e., X actS aS a pivot), and therefore 
a simple and direct relationship between electronegativity 
and permutational barriers may not be expected, it is 


obvious from the higher exchange barrier of (CH) .NPF 


+ 
Sige 4 
(AGO. = 4,2 oalynoleyee that the electronic effect 


4 
(A 


= 8.8 cal woley. relative to that of C1PF 
arising from the substituent is of considerable consequence 
to the ligand exchange barriers. 

We cannot, of course, rule out the possibility that 
the lack of observable non-equivalence in (CF) ,PF and 


5] 


CF,PF, is due to fast intermolecular exchange or catalyzed 


dissociation processes but such possibilities do not 


appear likely, especially for (CF,),PF,- 
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Conclusions 


Computer-simulation of the variable-temperature 
31, nmr spectra in the intermediate exchange region of 
CH, (CF,)PF, Suggested that the exchange process is intra- 
molecular and not intermolecular in nature. 


Both BPR and TR mechanisms can account for the ligand 


averaging process in CH, (CF) PF The BPR requires 


3° 
adoption of axial positions for both the CH, and the cr, 
groups at different points in the multi-step exchange route. 
These are expected to require high energy on account of 

the lower electronegativities of the two groups relative 
to fluorine. A TR process need not traverse such high 
energy species and provides an acceptable alternative. 

No reliable figures are available on the energy required 


to place a CH, Or CR a.group.<inwam axialepositioniesi nea 


3 
trigonal bipyramid nor to achieve the TR intermediate, 
and hence no choice between these two mechanisms can be 
made. The involvement of “high energy" conformations 
is however compatible with the apparent trend of the 


barriers in the series (CF,) PF 3: CH, (CF,)PF.,, and 


(CH,)5PF3. 
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CHAPTER SEVEN 
EXCHANGE PROCESSES IN SOME 
METHYLTHIOPHOSPHORANES REVEALED 
BY VARIABLE-TEMPERATURE DYNAMIC 
NMR SPECTROSCOPY 
Introduction 
The observation of magnetic non-equivalence of the 


two axial fluorines in CH; (CF) PF, (SCH,) (ef. Chapter V) 


and reports on similar observations in the ty rhand arp 


nmr spectra of alkyl- and arylthiophosphoranes of the 


type RSPF,.and RS (R!) PF... (R.=,CH C Hee Oru R' = 


4 3 3s? 6's! 
CH, or Care ime prompted a dynamic nmr study of the 


series of compounds of the type (CF) PF uw, (SCH) with 


4 
n = 0 to 3 to determine the energy barriers associated 

with the environmental averaging processes responsible 

for the high-temperature magnetic equivalence observed 

in the 195, and oo nmr spectra with the hope of gaining 
further insight into the nature of these processes. 

The compounds investigated herein are F,PSCH,, CF,PF,(SCH,), 


(CF.,) ,PF,SCH and (CF,) ,PF (SCH) - 


3 


Experimental 


Variable-temperature tase nmr spectra of (CF) ,PF,- 
(SCH, ) and (CF) ,PF (SCH,) suitable for line-shape analysis 


were furnished by Dr. Kwat I. The of this laboratory. 


39 


F,PSCH. was prepared by co-condensing all ewemMoLe 


4 3 
feat OL (CH,) ,SiSCH, and PF. in a 10 ml reaction tube. 
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This was sealed under vacuum, maintained in an ice-water 
bath for 30 minutes and then vacuum fractionated through 
traps at -63°C, -78°C, -96°C and -196°C. The bulk of 
F,PSCH, was trapped at -78°C. A second fractionation of 
the material trapped at -78°C removed traces of (CH,) 3SiF, 
the other product of the reaction. 

CF PF, (SCH,) was synthesized in a similar manner 
using a 1:1 mole ratio of CF.PF, and (CH) ,SiSCH 


3°°4 3h 


reaction system was maintained at -23°C for 1 hour. 


The 


Vacuum fractionation yielded CF PF, (SCH, ) at =—78°C; 
(CH,) ,SiF at -96°C and unreacted CF,PF, at 4-1L96°C. 

CF PF (SCH,) was characterized by its hydrolysis 
reactions in both neutral and basic medium. 
(i) Neutral hydrolysis 

Treatment of CF PF, (SCH3) (0.169 g, 0.828 mmole) 
with neutral water for three days at room temperature 
did not yield CF H. Nmr spectra of the hydrolysate 
indicated the presence of at least three phnosphorus- 
fluorine containing compounds: a simple doublet 
(op = 74.8 ppm, J = 112 Hz) and two doublets of asymmetric 
multiplets. A peak at 150.4 ppm which showed a l:l:l:l 
quartet fine structure (J = 15 Hz) was assigned to 
BF, 3° ion. The nmr spectra of the -196°C fraction 


showed it to consist of CH3SH and a phosphorus-fluorine 


containing compound (op = 50.7 ppm, J = 84 Hz). 
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(ii) Alkaline hydrolysis 
Treatment of CF3PF, (SCH) (0.107 g, 0.524 mmole) 


with about 0.5 ml of degassed saturated NaOH solution 


for three days did not liberate any CF.H. ly and as 


3 
nmr spectra of the hydrolysate indicated the presence 


of (CH) 585 (t = 7.84),7° Char. ions, and again two 
unidentified phosphorus-fluorine containing compounds 
(two sets of doublets of highly asymmetric multiplets) . 


The nmr. spectra of the -196°C fraction showed peaks 


which were assigned to CH,SH (T. = §.19 (doublet), 


be 


Ton = Oe 2e(cuartet),.,i0) = 0" Hz). a cand (CH3) 55, ier ky 9.0) 


The formation of unidentifiable phosphorus-fluorine 
containing compounds in both neutral and alkaline media 
might have arisen from a decomposition rather than 
hydrolytic reaction of CF PF, (SCH). Because of this 
ambiguity and also because the products could not be 
identified on the basis of their nmr parameters no 
further elaboration of the pathway of these reactions 


was undertaken. 


2 ie 


at = ‘hns Cea sveiir igeercale! 
a afdektédnediay 2d aobseaact ait | 3) 
sihom sti talte) Mie Setiuee fet at ebmdogno> | batt 
menikd 298982 OLA taogRonRs 6 /maTy 2) aN 
star to ehasoed (fiat) g48,59 Yo aotsane 9 
wi sou Bluse! A¢eECRIG we wousded outs Bes % tage 
ee ee 
edciso sen seem Te Kelted ois 20° dats 


7 Tiss we > Ors Ad a ae + 
a ; 
| Te = seals 
| . mel wah . ey 
re a ane Ss o BGCAG iad 

_s . 


ee a? 
eet Cees '*s.. | ier 7s ial 


y ae 7, of i./4 4 : ie ~s phe 


193. 


Results and Discussion of Dynamic Nmr Spectra 
r 


Since F,PSCH, has been reported to be unstable to 
Pe 439 
decomposition and CF3PF, (SCH) was expected to behave 
similarly, all the nmr spectra were obtained at or below 


mio ok 


A. Tetrafluoro(methylthio) phosphorane. 
V2) 


The F nmr spectrum of F,PSCH, (Figs VII-lA & 1B) at 
243°K showed two very broad peaks, each nearly 700 Hz 
wide. The peaks sharpened as the temperature was lowered, 
At 213°K two distinct fluorine resonances were apparent, 
one, a doublet of triplets of doublets, the other, at 
higher field, was a doublet of triplets with the center 
peaks showing signs of further doublet splitting. 

Lowering the temperature an additional 30° yielded what 
appeared to be the limiting spectrum with three sets of 
fluorine resonances, in agreement with the published 

19) nmr epeetrum? of this compound. The first fluorine 
resonance, centered at 7.5 ppm, consisted of a doublet 

of triplets, the doublet separation being 918.0 Hz. Each 
triplet component (J = 90.5 Hz) was further split into a 
doublet with a separation of 19.0 Hz. The second set, with a 
chemical shift of 14.1 ppm also consisted of a doublet 

of triplets of doublets, with the outer set of doublets 


in each triplet component showing quartet fine structure 


and the center set, a quintet fine structure. Further 
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FOOTNOTES For TABLE 11 


T ppm relative to internal tetramethylsilane, t = 10.0 


>? ppm relative to internal CC13F with positive values 


indicating resonance to high field of the standard 


c 

ppm vs. P40 as external (capillary) reference, positive 

values indicating resonance to high field of the standard 
ay. , 

in units of Hertz 
“ ref. 38 
ig 

average value 
d unique axial environment of one F (type A), designated ons 
2 unique axial environment of one F (type B), designated eae 
ce equatorial fluorine atom environments 
J phosphorus coupling with type A axial fluorine 
k : ; : ; 

phosphorus coupling with type B axial fluorine 
z F' -F coupling constant 

ax eq 
i eer: coupling constant 
ax eq 
n : 
~emecOUpLIng CcOnstant 

trans eee ae p g 
io coupling between the CF, group and the type A axial fluorines 
e coupling between the CF. group and the equatorial 

fluorine 
tT ref. 27 
r 


coupling between the CF, group and the type B axial fluorine 
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Figure VII-1B 


Observed and calculated ee (94.1 MHz) 


half-spectra of F ,PSCH, at the low-temperature 
limit. The frequency scale gives chemical 


shift values relative to internal CFC1,- 
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” 
F (94.1 MHz) nmr Half -Spectra of 
F 


¥=1863°K 

Half -Spactrum (High Field Portion) of Axial F (type A) 
EXPTL | | 

CALC 


-1700 -1800 Hz 
Half -Spoctrum (High Field Portion) of Axial F (type B) 


EXPTL 


—, 
CALC | 
(ee seat eee Meee te 


-n00 -1200 Hz 


Half -Spectrum (Low Field Portion) of Equatorial F 
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Figure VII-1B 


upfield was a pair of four peaks with the central two 
peaks nearly twice as intense as the outer set. The 
three fluorine resonances had an approximate intensity 
ratio of 1:1:2 with the set at highest field being the 
most intense. 

Based on the magnitude of the chemical shift and 
the P-F coupling, the two downfield sets of doublets 


were assigned to the two non-equivalent axial fluorines, 


and the highest field set to the two equivalent equatorial 


fuorines- s-The principal triplet splitting of thestwo 
sets of axial P-F doublets resulted from coupling with 
the two equatorial fluorines. Mutual coupling of the 

two axial fluorines caused the doublet splitting of each 
PLuplet component s(Fig VII-1B)« ° The®finetstructuresof 
this twelve-line axial fluorine subspectrum was due to 
axial fluorines-coupling with the methyl protons. The 
additional splitting of the central eebevaary doublets 
arose from a second-order effect rather than nonequiv- 
alent equatorial fluorine environments since the spectrum 
was reproduced in detail (Fig VII-lA) by NUMARIT?° using 
only chemical shift and coupling constant parameters 
which were consistent with equivalent equatorial fluorine 
atoms. 


The non-equivalence of the axial fluorines in the 


; 19 
low-temperature limiting F nmr spectrum of F,PSCH, 


39 ae 
has been rationalized by Schmutzler et. al. as arising 
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from a slowing down of the P-S bond rotation, causing 
the CH, group to be closer to one axial fluorine than 


toetherother, (Fig VII-2) 


Figure VII-2 


It was further suggested that the sulfur-carbon 
bond lay in a common plane with the axial F-P-F bonds. 
This interpretation was supported by several molecular 


orbital calculations®®’®/*79 


which indicated that the 
most stable orientation of donor ligands in the equa- 
torial positions of a trigonal bipyramid was the 
configuration in which the donor 7 orbitals lay in the 
equatorial Pianead With the SCH, group, this would 
result in a coplanarity of the sulfur-carbon bond with 
the F-P-F axial framework. 


Although free rotation of the SCH, group about 


the P-S bond rationalizes the magnetic equivalence of 


the two axial fluorines observed at temperatures of the 


order of 213°K (Fig VII-1A), it cannot account for the 
Magnetic equivalence of the four fluorine atoms in 


F PSCH., observed at higher temperatures. If rotation 


4 
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of the SCH, group about the P-S bond were the only 
averaging process occurring in F,PSCH3, two distinct 
sets of fluorine resonances corresponding to axial and 
equatorial fluorine ligands should be consistently 
observed at higher temperatures. Obviously, some kind 
of ligand positional exchange also occurs but a ligand 
permutation process alone cannot effect magnetic equiv- 
wrencesOLe the four=fluorine atoms either. @Thiss1s 

shown in the following diagram (Fig VII-3) for the model 


compound X,PSR and assuming a BPR mechanism of exchange 


4 


purely for convenience. 
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It is seen that the ligand x, would always be unique 


4 
if a fixed orientation of the SR group is assumed. To 
equilibrate all of the four fluorine environments it is 
necessary to allow the SR group to Simultaneously rotate 
freely about the P-S bond. Actua Viv sae ft laerotatron 

of the SR group is not required; a quarter rotation 
suffices. 

The proton-decoupled 31, low-temperature limiting 
mmr spectrum of FPSCH, (Fig VII-4) supports the assign- 
ments based on the Tar nmr spectrum. It consists of 
twelve lines, a triplet of doublets of doublets. The 
stick diagram in Figure VII-4 shows the origin of the 
splittings. 

Computer-simulation of the proton-decoupled 31, nmr 
spectrum was not straightforward (Fig VII-5). The P-S 
bond rotation process in F ,PSCH, appears to be closely 
coupled with the ligand rearrangement Aeennee only one 
K matrix peeenais , Table 2) could be used to represent 
two processes which, being coupled, must necessarily have 
close AG* values. Arbitrary rate factors were introduced 


into the K matrix elements apportioning the permutation 


and rotation component processes to the probability of 


2032 


Magnetization transfer in order to achieve the best fit. Table 


3 (Appendix) shows the different K matrices investigated 


and the corresponding calculated spectra obtained in 


the intermediate exchange region are shown in Figure VII-6. 
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31, ~ {ti} (36.4 MHz) limiting spectrum of 


FPSCH,. The frequency scale gives chemical 


shift values relative to PA%P% actually measured 
relative to to the er heteronuclear lock and 
converted to the eas reference scale. The 
stick diagram illustrates the formation of 

the pattern of a triplet of doublets of 
doublets due to two equivalent equatorial 


fluorines and two non-equivalent axial 


fluorines at the low temperature limit. 
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Bo Methyl (trifluoromethyl) difluoro (methylthio) phosphorane, 
The temperature-dependent behavior of the mes and 

ote mmr spectra of CH, (CF,) PF. (SCH,) has been described 

in Chapter 5. In this compound the magnetic non- 

equivalence of the two directly-bound fluorine atoms 

observed at low temperatures can arise from (a) a cessa- 

Eronesor sthe free rotation of (the SCH, group about the 

P-S bond, or, less likely, (b) a cessation of an intra- 

molecular exchange process which interchanges the fluorine 

environments relative to the fixed SCH, group, the CH 


3 
group Of which must not lie in the equatorial plane. 


3 


Such an intramolecular exchange process cannot be of the 
BPR or TR type for neither of these two processes can 
exclusively effect the magnetic equivalence of the two 
directly-bound fluorine atoms with a rigid orientation 
of the SCH, group (vide winyra). “Asthird alternatives c), 
is a concerted mechanism, one with the P-s bond rotation 
closely coupled wien a ligand positional exchange process. 
Interpretations based on a ground state structure 
with two different directly-bound fluorine atoms, i.e., 
one axial and one equatorial, with the cr, Group occupy— 
ing the remaining axial position, are omitted in view of 
the considerable, although not overwhelming evidence in 
support of the diaxial-fluorine ground state structure. 
However, we cannot rule out the possibility that these 


alternative structures participate as intermediates in some 
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Figure VII-7 Experimental and calculated 
MHz) nmr spectra of CH, (CF) PF, (SCH) at 
particular temperatures and appropriate rates 
of exchange of magnetization. The experimental 
spectra were obtained from a solution in 

3iCFoCls 

5% TMS. The K matrix used to obtain the 


approximately 50:50 CFC1l containing 


calculated spectra is given in Table 4, 
Appendix A. The frequency scale which gives 
chemical shift values in Hz relative to P,0O 


4~6 
19 


was measured with CrCl, as the F hetero- 


nuclear lock and converted to appropriate 


ib 
P scale values. 
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intramolecular fluorine exchange mechanism. 

The simplest interpretation which suffices to explain 
the observed behavior of the spectrum is the P-S bond 
rotation mechanism, (a), but because the K matrices for 
mechanisms (a) and (c) are identical (Appendix , Table 4) 
these two processes cannot be distinguished from each 
other. 

The appropriate rates of (a) and (c) are however 
related by a factor of two and this has a small effect 
on the derived thermodynamic parameters. The barriers 


were evaluated for both the rotation, (a), and concerted 


+ 
298 


value for the concerted mechanism is slightly lower 


rotation - "pseudorotation" process, (c). The AG 


than for the pure rotation mechanism (cf. Fig VII-7 for 
a comparison of the calculated and the experimental 
spectra). 

Ligand positional exchange in CH, (CF) PF, (SCH,) , 
if considered independently, would involvé high energy 
species for a BPR mechanism, or a complicated interchange 
GLa par and trio components for a TR process, which may 
provide a lower energy barrier. These two mechanistic 
routes are depicted in Figure VII-8, with [ ] to indicate 


the substituent acting as a pivot in the BPR route. 
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Figure VII-8A 


Berry Pseudorotation in CF, (CH) PF. (SCH,) 
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Figure VII-8B 


Turnstile Rotation 
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Figure VII-8A shows that all three possible single- 
step routes employing a BPR mechanism involve the place- 
ment of substituents of lower electronegativity compared 
to fluorine in axial positions, therefore intermediates 
of high energy would be required. An equivalent ligand 
permutation vita TR mechanism can avoid such high energy 
intermediates but this mechanistic pathway involves an 
interchange between the pair and trio components of the TR 
soectes  (')egin Figure VII-8B. Finally, it is obvious from 
Figure VII-8 that ligand permutation process alone, either 
vita BPR or TR mechanism, cannot equilibrate the two directly- 
bound fluorine atoms in CH, (CF) PF, (SCH,) unless the 


SCH, group is assumed to simultaneously rotate freely 


about the P-S bond. 


(Be Trifluoromethyltrifluoro(methylthio) phosphorane. 


The a nmr spectrum of CF PF, (SCH 3) (Fig VII-9) 


3 


at 273°K (the highest temperature investigated), consisted 


1 
of (a) a very broad doublet, (>, =e23 522 DM, Us = 1000 Hz) 


due to fluorine atoms bound directly to phosphorus, (b) a 
doublet of quartets, (>, = 69.2 ppm, ae of 168 Hz) due 
COmee CF, groups, and (c) a single broad band (600 Hz wide) 
centered at 81.1 ppm which, considering the low temperature 
Spectra, must be one-half of the second P-F resonance having 


aE 
an estimated chemical shift of 75.7 ppm and “J,_,, of 


approximately 1050 Hz. At 273°K axial and equatorial 
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fluorine atoms are non-eauivalent but the system is in 

an intermediate exchange condition and the lines are 

very broad. At 243°K distinct changes in the appearance 
and splitting pattern of the spectrum were observed; the 
broad doublet downfield became a doublet of broad doublets, 
the central peaks in the quartet component of the central 
field doublet (CF, resonance) broadened and were seen to 
be of lower height than the outer peaks. Furthermore, an 
incipient triplet appeared in this region, partly hidden 
under the higher field quartet component. The limiting 
spectrum was obtained at 173°K, the appearance of which is 
consonant with an assignment of four different fluorine 
environments arising from one equatorial fluorine, two 


different axial fluorines, and one eguatorial CF, group. 


3 
In the lower field region were two set of doublets of 
doublets of quartets, corresponding to the two different 
axial fluorines, with the primary Hetpletscecaratien ehe 
w27eHze and 1057 Hz, respectively. Centered around 68.7 ppm 
was a doublet of triplets of doublets and was assigned to 
the CF, group. At this temperature the "triplet" which 

lay underneath one of the components of the CF. Signal 
became much more obvious and was assigned as one-half of 
the equatorial F signal. The other half of this equatorial 
F "triplet" lay about 1000 Hz upfield from these overlap- 
ping signals. In the high field portion of sthe -equacrorial 


fluorine resonance the central peak of the "triplet" showed 
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signs of doublet splitting. The pattern is best assigned 
as a doublet of doublets with two nearly coincident central 
peaks because the two coupling constants have similar 
magnitudes (86 Hz and 72 Hz, respectively). Although the 
axial fluorines are clearly non-equivalent in the low- 
temperature limiting spectrum, the cr. fluorine signal 

is an apparent triplet because the two couplings of the 

CF. group to the different axial fluorines happen to have 


the same magnitude. The temperature dependence of the CF, 
subspectrum was shown to be a rate, not a second-order 
effect. 

Consideration of the low temperature spectra and the 
relative magnitudes of the spectral parameters, especially 
coupling constant values (Chapter V), lead to the conclusion 
that the ground state structure adopted by CF3PF, (SCH) 


at the low-temperature limit is that shown in Figure VII-10 


ancapusethus*similar to that of F ,PSCH,- 
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Figure VII-10 


The axial-equatorial F ligand permutation is further 
substantiated by the temperature dependence of the CF, 
subspectrum in each of the 19, mmr spectra (cf. Fig VII-9). 
Computer-simulation of these subspectra a the intermediate 
exchange region ee attempted to see how the Ne value 
obtained from this simulation would compare with that 
obtained from the variable-temperature 31, nmr spectra. 
Table 5 (Appendix) gives the K matrix, and Figure VII-12 
the comparison of the calculated and the experimental 
spectra. 

The proton-decoupled 31, variable temperature nmr 
Spectra (Fig VII-ll) were even more interesting. At 


293°K it consisted of a quartet of quartets. The intensity 
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Experimental oor ~ fn} (36.4 MHz) nmr spectra 


of CF PF, (SCH,) at the high- and low-tempera- 
ture exchange limits indicating the two 
distinct and separable exchange processes 
occurring in the compound. The spectra were 
obtained from an approximate 50:50 solution in 
CrCl :CF Clo: Chemical shift values in Hz 
were measured relative to the as (CFC1 4) 


heteronuclear lock which were subsequently 


converted to the 31, reference (P40) scale. 


The SoeetPal: intensity ratios at 243° are not 
ideal because the two averaging processes are 
not completely separable, i.e., the rotation 
slows down simultaneously with the "pseudo- 


nl02 


rotation albeit. at aumuch slower crate. 


The term pseudorotation as used here refers 
to a general intramolecular ligand exchange 
without implying any particular mechanistic 


pathway. See reference 102. 
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Figure VII-12 Observed and calculated 31, ~ f4i3} (36.4 MHz) 


nmr spectra of CF PF, (SCH,) at particular 


3 
temperatures and appropriate rates of exchange 
of magnetization. The experimental spectra 
were obtained from a solution in CFC1,/CF,Cl,. 
The calculated spectra were obtained using 

two different K matrices (Table 5, Appendix 

A) for the two distinct and separable 

exchange processes occurring in CP 3PF,(SCH,) - 
The frequency scale which gives chemical 
shift values in Hz relative to PAO; was 


measured with reference to CFCl. as the 


3 
heteronuclear 19, lock and subsequently 


converted to the 31, scale. 


The term pseudorotation as used here refers 
to a general intramolecular ligand exchange 
without implying any particular mechanistic 


pathway. See reference 102. 
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ratios and widths of the central quartets suggested that 
the changes were due to a reduction of the rate of a 
molecular process, in particular the averaging of the 
three directly-bound fluorine environments. Further 
changes were observed as the temperature was lowered, and 
at 243°K, the spectral appearance and splitting pattern 
indicated two different fluorine environments "seen" 

by phosphorus, implying complete cessation’ of the ligand 
rearrangement process which was equilibrating the axial 
and equatorial fluorine environments. At the low rate 
(temperature) limit the spectrum consisted of a doublet 
of triplets of quartets consistent with phosphorus 
coupling to one equatorial fluorine atom, two axial 
fluorine atoms, and the three fluorines of the crs group, 
respectively. The anomalous band widths and intensities 
arose from a concommitant slowing down of a second 
intramolecular averaging process, one Saran rendered 

the two axial fluorines equivalent, and which can be 
most reasonably ascribed to the free rotation of the SCH, 
group about the P-S bond. The limiting spectrum, 
obtained at 173°K, consisted of 32 lines and was inter- 
preted as arising from a main, P-F axial doublet 

(ese = 1057 Hz), each component of which was further 
split into a doublet due to phosphorus coupling with 


1 
the other axial fluorine (Jpp: = 927 Hz}. eine components 


of this doublet of doublets suffered additional doublet 
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splitting due to coupling with the single equatorial 
fluorine Jer. = l027°H2z)Feandatfinal ly. quartetaspla t— 
Cingetfrom coupling with’ the CF, group (Fig VII-12). 

There are therefore two averaging processes in 
CF3PF, (SCH,) and the difference in the potential barriers 
between the two processes is sufficient to permit indi- 
vidual analysis. As in F,PSCH, neither one of the processes 
alone can completely account for the splitting patterns 
and intensities observed in the Le and seas nmr spectra 
in the high and low temperature limits. If the ligand 


positional exchange in CF PF, (SCH, ) is considered only 


3 
in terms of either the BPR or the TR mechanism, the 

latter would seem to be the more favorable route (cf. 

and the corresponding 


analogous discussion on CH (CF) PF 


3 oy 
illustration in Figure VI-7) since it would preclude 


"high energy" species with CF, and SCH. in axial positions 


3 
in a TBP. 

Figure VII-l12 shows a comparison of selected 
experimental and calculated orp nmr spectra in the inter- 


mediate exchange regions for each process and from which 


the barriers were determined. 


De Bis (trifluoromethyl) difluoro (methylthio) phosphorane- 


The proton-decoupled oop nmr spectrum (Fig VII-13) 


Si (CF) >PF. (SCH3) at 300°K comprised a triplet of septets 


consistent with phosphorus coupling with two types of 
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fluorine environments: axial directly-bound fluorine 

atoms and six fluorines on the two trifluoromethyl groups. 
The spectrum at the low temperature limit, which consisted 
of 28 lines, a doublet of doublets of septets,, strong ly 
suggesting loss of magnetic equivalence of the two axial 
fluorines, was assigned to the ground state structure 


Figure VII-14: 


+ 


Figure VII-14 


Again the invariance of the “Jaa value with 


temperature suggested non-exchanging equatorial positions 
of the CF, groups. 

Computer-simulation of the variable temperature 
proton-decoupled 2m nmr spectra gave a reasonably good 


fit with the experimental spectra,as shown by a selected 


set of data spanning the intermediate exchange region 
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(Fig VII-15). From these and additional data, the 


energetics of the exchange process were derived. 


ioe Tris (trifluoromethyl) fluoro (methylthio) phosphorane. 

The proton-decoupled 315 amr Spectrum (Fig VII-16) 
of (CF) ,PF(SCH,) at 273°K consisted of a doublet of 
eight lines with the intensity ratio of roughly 1:4:9:10: 
10:9:4:1, approximating that of the central eight lines of 
a decet which would appear to obey the ratio 1:4:92:14: 


3 
Oe yal , Suggesting the equivalence of the three CF, 


3 
groups. The breadth of the peaks suggested, however, that 
a rate reduction of some intramolecular exchange process 
was responsible for the appearance of the spectrum. A 
limiting spectrum was obtained at 213°K which (Chapter 5) 


indicated the ground state structure illustrated in 


PIguresVvil—17. 
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The spectrum at 213°K comprised a doublet of "quintet" of 
quartets. The ratio of the band intensities in the quintet 
grouping was closer to those of the central five lines of a 
septet (6:15:20:15:6) than those of a real quintet #(12426:> 
4:1). The spectrum was interpreted as arising from a split= 
ting of P-F axial doublet components into a septet due to 
coupling with the fluorines in the two equatorial CF, groups 
and further resolved into quartets from coupling with fluor- 
ines of the axial CF, group. The magnetic equivalence of 


3 
the three sets of CF, groups observed at higher temperatures 


3 

is therefore likely due to a ligand rearrangement which 
averaged the two CF. environments. 

| It must be emphasized that the observed spectra have 
been investigated only pecrcer 26368 ande223 oKeandeaGanoc 
provide any evidence for a fixed orientation of the SCH, 
group relative to the molecular plane. We might expect SCH, 
rotation to cease at very low temperatures comparable to 
those required for (CF 3) oPF. (SCH,) and CH, (CF) PF, (SCH,) 
However, the very low temperature spectra which might reveal 
the effects of this additional process in (CF 3) PF (SCH,) 
were ee investigated because the signal to noise ratio of 
the spectra was poor, and because the effects of magnetic 


non-equivalence on the axial CF portion, of the spectrumeare 


probably small. Furthermore, by analogy with the analogous 
92 

systems such as (CF 3) 3PFN(CH3) 5, (CF) 3PF(OCH3), etc, the 

spectra are likely to be very complex and may not be inter- 


pretable. The only process revealed by the nmr spectra of 
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Observed and calculated 31, ~ tru} (36.4 MHz) 
nmr spectra of (CF) ,PF(SCH,) at particular 
temperatures and appropriate rates of 

exchange of magnetization. The experimental 
spectra were obtained from a solution in CF,Cl. 
and the calculated spectra were obtained 

using a K matrix constructed for a 
"nseudorotation" (cf. ref. 102) mechanism 

of exchange. The frequency scale gives the 
Chemical shift values in Hz relative to 


PA%% but was measured relative to crcl, as 


the 19, heteronuclear lock and converted 


sik 


to the P scale. 
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SU de {'H} (36.4 MHz) half -Spectra of 
CF, 


T=263°K Rate =1110sec™! 


Rate =1050sec™! 


Rate =167 sec”! 


T#233°K Rate=41.7sec™! 
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Figure VII-18 
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(CF) 3PF (SCH) is therefore the permutational interchange 
of CF. groups between axial and equatorial sites. 
2 


Bem SeWwOrtn noctangeathnatethe Jy r values obtained at 


the high temperature limit are the average of the two 
Ps 


different Jpop values obtained at the low temperature 
limit, in support of an exchange process involving inter- 
change of CF, groups between axial and equatorial positions 
iMeoschrgonal, bipyramidal ground) state) structures 

Computer-simulation of the variable-temperature 
proton-decoupled Zp nmr spectra at various rates gave 
spectra which could be fitted reasonably well to the 
experimental spectra, but the large amount of background 
noise in the experimental spectra (Fig VII-16,18) introduced 
a greater error in the fitting procedure and consequently, 


in the AGT 


value. A selection of experimental and 
calculated spectra used to calculate the rates of exchange 
are illustrated in Figure VII-18. The K matrix used to 


generate the spectra is given in Table 6 (Appendix) . 


Energy Barriers 
The thermodynamic parameters for the series of compounds 
investigated herein are given in Tables 12 and 13. The 
limits of error given are greater than those given by 
the numerical analysis in order to compensate for fitting 


errors and other factors. The last column describes the 


| 
16 begieade? er AD 
oud ses To\agacovs odd @is visa 
retecaqm® wor ett 26 bowissdd 4 
<aa30l, PAINi S eaneny SPtecons jduk 
soit hig Cod byéing bas febws aaah ee to s pa : 


st ile agoae Bese mh 5t 


ates oem wt 10 aide fumka~ 
at 


wigod 


ay 


Wit ‘y gdot yey: 9s wesseqe une € . . 
eee. itancdade enh ott hives. ony eq e 


sie 2 ONT ‘oo Payne opret = oat tw resi ean i20q%s 
: 7) a : - 7 

tai (eT, ret va 8) mrseoae Lednmetvee : = inion 
wre V6: 

wah dS 
> 


= if  j 


a 
 @ 


.ebinav} ete 4 Ttsi o Tun SnOrag eed aid nd ant 

Dit I TRRBME SEX = xe hicttind hes A oulsy fon 
sprado%s 1 Se *Re She sectuiptes od beau eraopt Be : 
ee | Airis 4 ost sff-LIV aroged ab bods 


- (abnor), 9! © Slee aam navi ei #td09q% a 7 
r i? 
i 7 


| pe a 
i ogtin>, ba ehsse@) an? +o vision okmsnybomss 3, ag 
ody. .£< baeNes stdin ini” perip esp abevad t 
ya aavl sows nada Swasaay ath. awit - 


caver? 203 ataxia nilioe at wae te 


7 a 4 = Z = 7 > 
any cscs! antes: se i ae oe Daa, ® 
gr i ae _— i. 
' “a 


: : 

ee i | Lae 
aiy i; 
a. ~~ 


240. 


Table. 12 


Free Energy of Activation for Exchange 


in Some Phosphoranes® 


Full thermodynamic parameters 


See reference 102 


Compound Looe (kcal/mole) Averaging Process 
CH3 (CF,) PF, Oa ee ipeeudoretat ont 
CH, (CF) PF, (SCH3) UO aOnet ele) Concerted Mechanism 
. lah, f@) nae Wee Rotation 
F,PSCH, PIeS0 vt wl20 “Pseudorotation™ plus 
some rotation 
b 
CF PF, (SCH) 2 23°42 "Pseudorotation" 
Mee te Rotation 
(CF) PF. (SCH) LO. 0s L230 Rotation 
(CF 3) PF (SCH,) BES 3 20 wpsawiorote sion?) 
a 


are given in Table 18. 
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Figure VII-19 


Arrhenius plot of rate constant k (the pseudo 
first-order rate) versus LP /iTeecor CH, (CF,)PF3, 
CH, (CF) PF, (SCH3) and the series of compounds 


(CHE ieee (SCH~)) #7 =807 1 2, 3). thesterms 
Baar -n 3 


4 
rotation and pseudorotation refer co che 
various processes upon which the magnetiza- 


tion transfer matrix construction was based. 


logy ( rate ) 


1/T «10° 


5 F,PSCH, 


I GH ( Gry) PF, 
6 (CF3), PF(SCH;) 


Zz (CF), PF, (SCH) 
3 CF, PF, SCH, a rotation 


b pseudorotation 


4 CH, (CF,) PF, SCH, a pseudorotation & rotation 
b rotation alone 


Figure VII-19 
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possible nature of the averaging vrocess. Figure VII=19 
shows a plot of the pseudo first order rate k against 
temperature. 

(SCH, ) were taken 


3 
as reference values for this series of compounds primarily 


The Nb values obtained for eee 


because the two possible averaging processes were dvcstinctly 
separable in this compound. 

The AG* value of 11.0 + 1-0 kcal/mole obtained for 
BP, SCH, is best ascribed to a coupled rotation-"pseudo- 
rotation" process. As was illustrated in Figure VII-3, 
Simple rotation of the SCH, group alone cannot effect the 
magnetic equivalence of the four directly-bound fluorines 
observed in the high-temperature limiting spectrum of 
F,PSCH3. 


the experimental spectra in the intermediate exchange 


A satisfactory fitting of the calculated with 


region was obtained only when a "coupled" effect was 
considered in the construction of the K mat ried 

A barrier Seeione + 1.0 kcal/mole was evaluated for 
a concerted averaging process in CH, (CF,)PF.(SCH,), and 
11.0 + 1.0 kcal/mole for a pure rotation process. We 
suggest that the latter process alone is responsible for 
the averaging of the axial fluorine environments primarily 
on the basis of the observation that the CF. subspectra 
in the bor nmr spectra did not show any drastic change 
with temperature in contrast with the P-F region. It is 


not possible to conclusively select the process involved 
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on the basis of either AG* values or the spectral behavior. 


The NEE value of 10.0 + 1.0 kcal/mole evaluated 


NEG HE (CF ,) >PF. (SCH,) is closer to the rotation barrier 


of 10.2 + 1.0 kcal/mole obtained for CF PF (SCH,) than 


sys} 
to the "pseudorotation"+ 24 baueler, Or 2. 35m eekeals mole 


for this same compound, and therefore the barrier in 
(CF) .PF, (SCH,) is assigned to P-S bond rotation process. 
This assignment is in accord with the observed invariance 


2 
of the Jp_p value with temperature which has previously 


been interpreted as indicating fixed positions for the 


CF, group. 7° In this case this should be the equatorial 


position since CF. has a lower electronegativity than 


3 
F and therefore should have less preference for the 


axial positions. Furthermore, because of the lower 
group compared to F, the 


3 
5 : 2 ; 
potential barrier for a Tapeunlaaweciiant averaging 


electronegativity of the CF 


process would be expected to increase upon replacement 


of one of the fluorine atoms in CF PF, (SCH, ) with a CF. 


+ 
group to form (CF) PF. (SCH,). Therefore a AG 599 value 
at least equal to that for the "pseudorotation" value 

(Ue eaters. OekCal/mole) in CF3PF, (SCH,) would be expected 


GODM(Cr PF, (SCH, ) assuming of course a similar "pseudo- 


3) 2 
rotation" mechanism for the two compounds. 


A CN value of 11.5 + 3-0 kcal/mole was obtained 


for the averaging process in (CF 3) ,PF (SCH), which is 


assigned to a "pseudorotating" interchange of CF, groups 
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between axial and equatorial environments. In view 

Dre nesrelatively large limits of error in thisvcase mithis 
can be regarded as comparable to the Weendoroteeionta: 4 
barrier exhibited by CFPF3(SCH,), which implies that 
the energy barriers are not greatly dependent on the 
mass of the pseudorotatory substituent. Whether the 


overall averaging process includes a rotational contri- 


Dutton sua LeEbicult to judge. 
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Conclusions 
Line shape analyses of the proton-decoupled 22D 
nmr spectra of F,PSCH,, CF,PF,(SCH,), (CF) PF. (SCH) 


and (CF 3) 3PF (SCH, ) Suggest that: (a) two processes are 


clearly distinguished in CF, 


and the rotation of the SCH, group about the P-S bond, 
(b) the AG values of 10.0 + 1.0 and 11.0 + 1.0 kcal/mole 
obtained for (CF PF ‘ 

( 3)9 2 (SCH) and CH, (CF) PF. (SCH,) 
respectively, are considered indicative of a pure rotation 
process since there is no spectral evidence fora CF,-F 


+ 


positional interchange. These AG' values are close to 


the lower of the two values obtained for CF PF, (SCH,) + 
which is ascribed to the P-S rotational barrier. The 
higher value of 12.8 + 2.0 kcal/mole is attributed to a 


positional interchange process which averages the axial 


and equatorial fluorine atoms. Also (c) the process which 


equilibrates the four fluorine environments in F,PSCH3 is 


102 


a coupled combination of both "“pseudorotation" and P-S 


bond rotation from which only one barrier was obtained. 
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102 
3PF (SCH), the "pseudorotation" 
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CHAPTER EIGHT 
PROPERTIES OF SOME TETRACOORDINATE 
PHOSPHINE OXIDES AND SULFIDES . 
Introduction 


The compounds CH (CF,)P(O)F, CH, (CF,)P(O)C1, 


3 


CH3 (CF) P (0) OCH and CH, (CF,)P(S)C1 were obtained as 


3 
described in Chapter 3, as by-products in attempts to 
synthesize some phosphoranes. These tetracoordinate 
phosphorus compounds were characterized through hydrolysis 
reactions, nmr, ir spectroscopy, and mass spectroscopy. 

One aspect of Letcher-van Wazer theory>® of phosphorus 
chemical shifts, the additivity relationship, was applied 
to the present series of tetracoordinate phosphorus 
compounds. Letcher and van Wazer have demonstrated by 
examples that phosphorus chemical shifts are, to a first 
approximation, determined by the number and kind of atoms 
directly attached to phosphorus and that the chemical 
shifts are virtually independent of molecular charge. 

The additivity concept of Letcher and van Wazer>® 
says in effect that each directly-bound substituent in 
a phosphorus compound has a fixed contribution to the 
overall chemical shift. An empirical treatment was 
developed in 1962 to accommodate the large deviations 
from additivity which were known to exist. It was held 
that (a) the deviation from additivity is generally 


negative, and (b) the completely mixed tetracoordinate 
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phosphorus compounds, MPZTX (M = oxygen or sulfur) are 


covered by the same rationale as the MPZ oT type of 


compounds. In other words, values of partial contributions 


of specific substituents can be used to predict the ears 


chemical shifts of phosphorus compounds. For a completely 


mixed compound MPZTX, the os chemical shift is given 


by 


6 ae 2 


MPZTX 3 mpz. + 6 + 6 ) (VII-1) 


and the deviation: 


hha Sp 6 op (VII-2) 
observed calculated . 


()-trv) 


be DTM 
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Characterization of Methyl trifluoromethyl) -— 

ese ceeerization of Methyl (trifluoromethyl) 
hosphine Oxides and Sulfides. 

pnospaine Oxides _and Sulfides 


A. Hydrolyctic Reactions, 


(i) Methyl (trifluoromethyl) chlorophosphine oxide 

Methyl (trifluoromethyl) chlorophosphine oxide (0.126 or 
0.759 mmole) was agitated with 0.5 ml of saturated NaOH 
solution for one week at room temperature. Vacuum 


fractionation yielded CF_H (0.0525 g, 0.750 mmole), collected 


3 
dtwe ol Cand CH3P0.— which remained in the aqueous 
solution according to the it nmr Spectrum Ofsthe solutron. 


Neutral hydrolysis of CH, (CF,)P(0)C1 COMm05 UG 0300 


19 
mmole) gave no CFH. Nmr spectroscopy ane Pomotethe 


aqueous solution showed the presence of the CH, (CF) PO, 


‘ion - 
(ii) Methyl (trifluoromethyl) fluorophosphine oxide 
Treatment of CH, (CF,)P(O)F (0>0405G,7.0.27 Osmmole)awath 
0.5 ml degassed saturated NaOH solution for one week at 
room temperature yielded CF,H (0.0173 9g, 0.25 mmole) 
collected, at. —196°C, and CHP03 and F. ions remained in 
the aqueous solution. 
Treatment of CH, (CF,)P(O)F (0.096 g, 0.64 mmole) 
with water yielded no CF 4H. Nmr spectroscopy of the 
aqueous solution indicated the presence of CH, (CF,) PO,” 


and HF. ions. 
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Keio Tels) Methyl (trifluoromethyl) (methoxy) phosphine oxide 


Treatment of CH (CF) P (0) OCH 


with 0.8 ml degassed saturated NaOH solution for 10 days 


yielded, upon vacuum fractionation, CF.H (0.028 g, 


0.240 mmole) in the volatile fraction and CH,PO,” ions 


and CH0H in the aqueous solution according to me nmr. 


Neutral hydrolysis of CH, (CF,)P (0) OCH 


3 
0.496 mmole) yielded no CF 4H. ras and Le nmr spectra 


of the aqueous solution indicated the presence of CH,OH 


(ORL 03R a7, 


and CH, (CF) PO. TOnSeineawle ls molareratio. 


(iv) Methyl (trifluoromethyl) chlorophosphine sulfide 
No quantitative characterization was done on 
CH 


The compound was tentatively identified by means of 


3 (0.040 g, 0.244 mmole) 


3CF3P(S)cl because a pure sample could not be obtained. 
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infrared, nuclear magnetic resonance, and mass spectroscopy, 
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TABLE 14 
Infrared Spectra of Tetracoordinated 


Phosphorus Compounds® 


259; 


a ae ee eS 


; b 
CH,CF,P(O)F CH,CFP(O)C1 CH,CF,P (0) (OCH) CH CFP (S)C1 Assignment 


5) 


eee 


a 


1420 w 1411 w = 1410 m o CH 
1340 s T3:L60s 1320 m - yas 3 
P=0 
1300 m 129m 1296 m 2950 CH 
sym 3 
1230 s 1211 m 1236 m 1204 s ) 
1160 s 1176 s TS es LLZORS Vor 
e 1156 s 1150 s eae 
- ~ 1050 s - P-OCH, 
920 s 921 m 903 m 910 s P-CH, 
883 s 893 m 884 m 885 s 
850 s = = Vp_p 
- - 809 w 790 s 
7 oo. m 766 m TO Law 745 vw Fgh 3) 
730 m 739 m 1276 
675 s P=S5 
- 611 w - = = 
540 w 561 s = s 540 w wee P 
: 529 m 2 : 510 s Pag 
480 s 471 w 499 m 400 s 
420 m 444 m 464 w 405 s Vp_cF 
404 w 3 
: -1 4 
Gas phase spectra, all values in cm ~. s = strong, 
m = medium, w = weak, v = stretching, o = deformation, 


Syie= symmetric, aS = antisymmetric, ?e= vemy tentative. 


These assignments are tentative, and based mainly on avail- 
able datawon! related compounds. Sée for instance @ rer. 415 
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259. 
TABLE 17 
Mass Measurement Data for Tetracoordinated 
Phosphorus Compounds 


ee ee See ee eee ae 


Compound Tons m/e 
Calculated Measured 
CH, (CF,)P(O)F CH, (CF,)P(0)F* 149.9858 149.9858 
cr 68.9952 68.9952 
CH, (CF ,)P(0)CH, CH, (CF,)P(0)OCH,” 162.0058 162.0066 
CH, (CF,)P(0)OCH,” 160.9979 160.9970 
CF ,P(0)0CH,,* 149.9828 146.9819 
CH, (CF,)PO™ 130.9874 130.9868 
CHP (0)OCH,” 93.0105 93.0110 
CH, (CF,)P(S)C1 CH, (CF,)P(S)C1" 181.9334 181.9341 
CH, (CF,)PC1™ 149.9613 149.9609 
CH, (CF,)Ps* 146.9645 146.9649 
CH,P(S)C1™ 112.9381 112.9385 
CH,PFC1" 99.9645 99.9649 
(CH,),S° 62.0189 62.0192 


- A reasonable structural formula rather than the molecular 
formula is given for each fragment ion merely for 


convenience of recognition. 
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260. 


Discussion of Results 
SP NE SULES 


jrke liydrolytic Reaction. 


The hydrolytic reactions of the phosphine oxides 


are summarized by the following equations: 


PO. + CF_H + HX (plana) 


BCE PC) Xe +2 OH 
3\CF3)P (0) Ce 3 


- + 
CH3 (CF) P(0)X + HO CH, (CF) PO, +H +eHxX (AEE Tie=33) 


X= F, Cl, OCh, 


In neutral media HCl is dissociated and HF forms 
HF, . In alkaline media both HF and HCl give the halide 


ions F" and Cl , respectively. 


isi Infrared Spectra, 
The infrared spectral bands of the phosphine oxides 

and chlorophosphine sulfide indicated by characteristic 

absorptions the presence of major structural units in 

each compound (Table 14). For instance the medium to strong 

intensity absorption bands between 1295-1300 sa may be 

assigned to the symmetric C-H deformation. The P=0 bond in 

CH,(CF,)P(O)F, CH, (CF,)P(0)C1 and CH, (CF) P (0) OCH, was 

indicated by the absorption band lying between 1316 and 

1340 Sie, and the P=S bond in CH, (CF,)P(S)Cl by the bands 

between 675 and 790 ce Characteristic P-X (X = halogen) 

absorptions are observed at 808-835 em™+ in CH,(CF,)P(O)F, 

i 


ates 22 1n CH, (CF,)P(0)C1, and at 465-532 cm ~ in CH, (CF3) - 
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Cc. Mass Spectra, 
The mass spectra of the tetracoordinate phosphorus 
compounds CH, (CF,)P(O)F, CH 


(CF) P (0) (OCH ) and CH, (CF.)- 


3) 3) 
P(S)C1l showed the parent ion peak in relatively good 
abundance and were confirmed by accurate mass measurement 
(Tables 16 and17, respectively). All the compounds 


é : ui : 
likewise showed 22 in their mass spectra (m/e calc., 


68.9952; m/e meas., 68.9952). 


D. Nmr Spectra , 
(i) Methyl (trifluoromethyl) chlorophosphine oxide 
The 1h and ae nmr spectra of CH, (CF,)P(0)cl each 


gave a first-order AX, splitting pattern from which the 


3 
nmr parameters were readily evaluated (Figs VIII-1 and 2, 
respectively). The four-bond F-H coupling was not resolved 
in either spectrum and the lines were consequently broad. 


Sai 


The P nmr spectrum showed a sixteen line is pattern; 


B 
the major quartet due to P-CF., coupling and the minor 
quartet due to phosphorus coupling with the CH, protons 


(Fig VIII-3). 


Ci) Methyl (trifluoromethyl) fluorophosphine oxide 

The ty nmr spectrum of CH, (CF,)P(O)F consisted of 
four equally separated quartets of equal total intensities. 
This is analyzed as a doublet of doublets, the principal 
doublet splitting arising from the coupling of the CH, 


protons with phosphorus and the secondary doublet splitting 
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Figure VIII-l 


Experimental My (60.0 MHz) nmr spectrum of 
CH, (CF) P(0)C1 at 303°K obtained froma 
sokutionsan cFC1, containing 5% TMS. The 
frequency scale gives chemical shift values 


in Hz relative to TMS. 
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Figure VIII-l 
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Figure VIII-2 


Observed tor (56.4 MHz) nmr spectrum of 

CH, (CF3)P(0)C1 at 303°K obtained irom a 
solution in CFCl, containing 5% TMS. The 
frequency scale gives chemical shift values 


in Hz relative to CFCl,. 
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F (56.4 MHz) nmr Spectrum of 


T=303°K 
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Figure VIII-2 
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from proton coupling with the directly-bound fluorine. 
The quartet fine structure is due to further coupling 
of the CH, protons with the three fluorines of the CF 
group (Fig VIII-4). That the line separations are due 
to spin-spin coupling and not to chemical shift difference 
was demonstrated by the invariance of the splitting 
pattern and magnitudes of line separation with spectro- 
meter frequency. 

The B45 nmr spectrum of CH, (CF,)P(O)F was a doublet 
Of quartets Of quartets, giving a total “of 32) 1ines- 
The major quartet splitting of the P-F doublet components 
was due to phosphorus coupling with the CF, fluorines 


and the minor quartet splitting due to coupling of the 


phosphorus with the CH, protons (Fig VIII-5). The 


3 
parameters evaluated from this supported the interpreta- 


; i) 
tion of the “H nmr spectrum. 


(iii) Methyl (trifluoromethyl)methoxy phosphine oxide 
The ty nmr spectrum of CH, (CF,)P (0) OCH, consisted 

of two sets of doublets of equal intensities. The 
components of the doublets showed a quartet fine structure 
upon expansion. The two resonance regions corresponded 
to the two different groups of protons. The low field 
resonance was assigned to the OCH, group, the high field 
resonance to the CH group. The doublet splitting in 
each resonance resulted from proton coupling with phos- 


phorus and the quartet fine structure from proton coupling 
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with the CF. fluorines. The five-bond proton-proton 
coupling was not resolved and thus the lines are rather 
broad (Fig VIII-6). 
19 

The Fo nmr spectrum was a broad doublet with each 
component showing a septet fine structure upon expansion 
with peak separation of about 0.72 Hz. Again, this 
rseptet” resulted from near equality of 5 and chee 


eS el 
(0.78 Hz and 0.62 Hz, respectively) (Fig VIII-7). 


H 


The proton-coupled os nmr spectrum consisted of a 
quartet of multiplets which, upon analysis of the line 
intensities,was shown to be a quartet of quartets of 
quartets. The main quartet splitting arose from phos- 


DHOLUSHCOUDLINGawith CE the secondary quartet splitting 


2h 
from phosphorus coupling with CH, protons and the final 
quartet fine structure is due to phosphorus coupling 


with the OCH, group. The stick diagram in Figure VIII-8 


traces the origin of the splittings. 


(iv) Methyl (trifluoromethyl) chlorophosphine sulfide 
The 1h nmr spectrum of CH, (CF,)P(S)C1 showed doublet 


splitting due to P-H coupling and a quartet fine structure 
on each doublet component upon expansion, arising from 
proton coupling with the CF. group. 

Similarly, the che nmr spectrum was a doublet of 


2 
quartets, the doublet due to J,_, and tnesquarteesdiesto 


45 (Fig VIII-9). 


sas | 


2 Sie 


cane 
~ 4 ; 
: ies 

5 


West racy Dj 


~* di aimts be AA, ; 
- ™ 
7 @ «@ — 42.4: neers) Fay : 
inp 49 hw telslind BONE & ase mustang tien: 
no lanagry na Auten ama ipl 
nadie ar tea Sean a in ae 
ale fii , mr: ko. ushheupe sos mort bes tuees 
(T=EEIV pit) (ylevisosquon cal £8. 0 bee, a) 
e Yo hetalenca mezsoeqe 2h aft reseed > 
wait of? Go misyisss aoqu olde pei AeA 
tol wésdvaup 20 %e37bep «od oo pwede cor 
-andq aot tot palsalige te2senp piem eat ' — 
oaitsicda secetep yaabooses, Sf aed Naty -pakiquea |e aad | 
tank? vit bee ayotodwg , 89 atiw naklgvues 
untiqves mvoadqzang 2 cab et erspuize enss 
be IEtY ecaplt Bb mewpeth dette of? grey oo ad tod 


spakoditge dz Yeo aes orit noosa 
: ed J 2 = : - ae 
i vt) = 


séicueh Dood 1IG) Ch, TRO to nwsToRde win nt edt) mang 
wages set soryelp 2 Rte bel iqiros a-7 oF ovh ive 
ana? peletee ,codenniee woga dnscoqnale teiduob does me 


en aie me 
ef ods oft .einelimté.o.- | 


ne os 


; 
i 


cae aaa ace Is myaeeey ies Ma tsin F. on. gt ee aan 
eur #2 etisiatap> , fst we nckiaien & mo featesdd —— 


24 093 Pata ins Pacem ns bite oor 
a ns Gunes dinetth emenet: Seems ndinind ee mca hire * 


“SWL [TeuzeqUT OF SATRETSEA 2H UT USATH ote 


2G buTutTequUOd €19¢0 uT UOT4NTOS eB Wor PEeUuTeIqo 


peAtesqOo 9=1iin aanbt i 


SOnTeA 4FTYS TeoOTWeYyDd ~SWL 


Seco +e €190(0) a(* a0) ©HO jo wnajzoeds azwu (ZW T° 00T) Hy 


2M bay 


7H OSI 


O9L 


d=TriAeeinbtd 


OZ1 O8l O6l OLE O8e O6¢ OO” 


JO wnsjdadsg swu (ZHW L‘OOl ) al, 


al 


PrOitch, oe Jerre 


- 
a 

~~ 
14 
¥ ~ 
eS 


P /Pitide sant aaite esvip, olans Yonewpost 
4 ‘ 
re ie ant 4 fo) fants tnt ey eviteta: sh «at 


 ewucte S22099. af4 ni eo ie Lae 628 bebnsgye 


ae! edd Jo cults & 


-Soldvok aes siz ic 


jewast onid erty 


eq 

Mi a7 

4 

; . 

¢ | 
J = 

— 

ER Hy 


Fi tint 


sro AS CCk te _HOO1O1 4 am) gD : 
: % a i PS roar Aig ADO mete 


Figure! VLE! 


Observed as (94.1 MHz) spectrum of 
CH, (CF) P(0)0CH, at 303°K obtained from a 


solution in cFCl, containing 52 IMS.) oie 
frequency scale gives chemical shift values 
in Hz relative to internal crcl,. The 
expanded scale portion in the center shows 


the fine structure of one of the components 


of the major doublet. 
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Figure VIII-8 Observed ete: (36.4 MHz) nmr spectrum 


of CH3 (CF) P (0) OCH at 300°K, obtained froma 


3 


solution in CFCl, containing 5% TMS. The 


frequency scale which gives chemical shift 


values in Hz relative to PA% was measured 
relative to the 195, (CFC1,) heteronuclear 
lock and subsequently converted to the ae 
scale. The stick diagram traces the pattern 
of a quartet of quartets’ of quartets arising 


fom? splitting due tora CF. Grouped CH, 


group anda OCH, group. 


3] 
P (36.4 MHz) ~ {'H} nmr Spectrum of 


O 
T 
Se 
ue | “CF 
Ne Cle PEN 
T=300°K 
eres | eee ee ee ek. [a | eee 
-3100 -3200 -3300 -3400 


mY 


Figure VIII-8 


ai ver ai 1 iW 


279. 


Ay 


~ -3500 Hz 


- s 
™ + - au a 
7 [= _ + 
; + “ee (, Ghtal nec 


iv a. ae Oe | 


_ ~~ - 


7 “—? atta? e ah ge 
at ow pe iet we ta piper 


ee ee ecqgooret ee 
a megane) e eel : iy 1) caper i Dee ee a 


ne © 5. i) emt coal traces the ibe! 
*t a. 


ieee, ite ctata oF quartets aril 


3 ot ps S eat 


Hn Te 
“i ae ny 
v 


4 ay 


Ve 


~ _ 


7 : ; a i] x & 


mesa teagan it, 


Figure VilI-9 


Observed 12 (94.1 MHz) nmr spectrum of 
CH, (CF,)P(S)C1 at 303°K obtained from a 
solution in crcl, containing 5% TMS. The 


frequency scale gives chemical shift values 


in Hz measured relative to internal CFC1.. 


PRL 


19 
F (94.1 MHz) nmr Spectrum of 


-7100 7200 -7300 Hz 


Figure VIII-9 


The 1b nmr spectrum was a quartet of quartets, 
the major quartet arising from coupling of phosphorus 
with the CF. fluorines, the minor quartet arising from 
coupling with the CH, protons. 

The chemical shifts observed for the three phosphorus 
oxides CH3(CF,)P(0)C1 (+73: O.Fopmaive: PAO) )s CH, (CF) P(O)F 
(+63.2 ppm), and CH, (CF) P (0) (OCH) (+7953eppm pel de 


within the range reported for tetracoordinate 


92 
phosphorus compounds. Attempts were made to see whether 


these chemical shift values conform to the additivity 


58 


rule postulated by Letcher and van Wazer discussed 


earlier in this chapter. The predicted 31, chemical 
shifts were obtained from eq VIII-l, using the chemical 


shift values reported for (CH) ,PO, (CF) 3P0, ClePo- 


3 


38 ; : 
FPO, and (CH30) ,PO. Upon making the necessary adjust- 


ment with respect to the reference compound and comparing 


=e chemical shift values with experimental 


the predicted 
values, the following deviations were obtained: -26.8 ppm 
£67 CH, (CF,)P(O)Cl, -50.5 ppm for CH, (CF,)P(O)F, and 

-21.0 ppm for CH, (CF) P (0) OCH3- All the deviations are 
negative, in agreement with the postulate mentioned earlier 
in the chapter. However, these deviations are surprisingly 
large, suggesting that the approach leaves much to be 
desired. The empirical nature of the additivity concept 
precludes any analysis of the Origin One thersigniiacance 


of these deviations. However, we might reasonably expect 
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an empirical approach to give reasonably good agreement 
with experiment even if the formal FUStLe cation 1S not 


Bansticulariyerigorous. 


Conclusions 


The greater stability of tetracoordinate phosphorus 
compounds compared to pentacoordinate phosphorus compounds 
is manifested by their hydrolytic reactions. 

The additivity concept of Letcher and van Wazer>® 
was applied to the three phosphine oxides. The deviations 
from additivity were negative as erodicted in the formalism 


but the large deviations in all the three cases suggest 


that the approach is not particularly reliable. 
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CHAPTER NINE 


SUMMARY AND CONCLUSIONS 


As stated in the first chapter, the aims of this 
work were twofold: (1) to extend our knowledge of the 
chemistry of pentacoordinate phosphorus compounds and 
(2) tO understand the factors thatoinfluence the 
positional preferences of the different substituents in 
pentacoordinate trigonal bipyramidal phosphoranes. The 
experimental results described and discussed in Chapters 
IIIT and IV did illustrate some interesting substitutional 
chemistry of pentavalent pentacoordinate phosphorus 
compounds. The reactions of CH, (CF) PX, (X= PE eC) 
with either (CH,) 3S10CH, or (CH) ,SiSCH, sharply demon- 
Strated the different chemical behavior of the chloro— 
and the fluorophosphoranes. it appears that the initial 
step in the reactions is a metathetical substitution of 
a halogen substituent in the halophosphorane with OCH 


3 


(or SCH,, ComEx— 1), 


7 ; 7 ee x + 
CH, (CF) PX st (CH) 3Si0CH ——~> CH, (CF) P (OCH) D 


3 3 


CIX— 1) 
(CH,) ,5iX 


itches case or CH,(CF,)PCl3, the monomethoxydichloro- 


phosphorane, CH, (CF,)P(OCH3)Cl,, appeared to immediately 


decompose into the phosphoryl halide and CHCl (eq. III-10), 


whereas further substitution occurred in CH3 (CF) P (OCH )F 
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producing CH, (CF) P(OCH,) 5F which, although sufficiently 
stable to be detected in the nmr spectrum, nevertheless 
appeared to decompose into CH, (CF,)P(O)F and (CH,).0 
(eq III-14) with time. A metathetical substitution 


reaction between CH, (CF,)P(O)F and (CH) ,Si0CH (eque hr 155) 


3 
was further postulated to account for the detection of 


CH, (CF) P (0) OCH in the reaction system. 


3 


The reactions of (CF PXYN (CH), (XH=uE ives Cle 


3) 9 


Mae ay = Ch AE)a with (CH) ,Si0CH Similarly showed 


3 
contrasting behavior of the fluoro- and the chlorophos- 
phoranes-aiThe greater@lability (of the P-Cl bond relative 
tomcne R-Fr bond was amply demonstrated in the greater 
resistance to or more rigorous conditions required for 
the reaction of the fluoro(dimethylamino) phosphoranes 


with (CH) ,Si0CH compared to the chloroanalog. For 


& 

instance, (CF) ,PF(OCH,)N(CH,) , was readily formed 

from the reaction between (CF) ,PFCIN(CH,) , and (CH,) ,- 

Si0CH, in sharp contrast to the high temperature required 

for its formation from and the incompleteness of the reaction 

CH SLOGES. 

between (CF) >PF,N(CH,), and ( 3)3 i 3 
The stereochemistry of some of the phosphoranes 

investigated in this study also proved to be interesting. 

‘ oul ns) 
Variable-temperature P and F nmr spectroscopy was 


employed to follow the ligand averaging processes in the 


trihalophosphorane CH, (CF3)PF3, and in a series of 


methylthiophosphoranes (CH, (CP) PE ee e(ScHe) (m = n= 1; 
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m= 0, n = 0 to 3). Computer-simulation of the variable- 
temperature Bae nmr. spectra: facilitated) theycaleulation 
of the rearrangement rates at the different temperatures 
and consequently the potential barriers of these Ehifev erste 
Gngaprocesses.. .In,additionsto ligand positional exchange, 
a second mechanism for averaging the fluorine or tri- 
fluromethyl ligand davdirenmenc se ee evident from the 

nmr spectra of the various methylthiophosphoranes. This 


USebvecocatLion of the J/SCH. group. aboutethesP=S  bond_ 


5 
This was rigorously established in CF PF, (SCH,) where 

the "“pseudorotation" and the P-S bond rotation were 
distinct and clearly separable. 

However, several questions remain unanswered regarding 
the chemistry and stereochemistry of the systems 
investigated in this work. A number of suggestions were 
made in the preceding chapters concerning some, areas of 
further researcn.s FOR instance, .iiawould besinteresting 
touestablich ptheccritical factorsmingthe tmanstormation 
of pentacoordinate aminofluorophosphoranes into the 
tetra- and hexacoordinate ions. Why, for example, does 
(CF, ) >PF N(CH, )5 isomerize but not CH, (CF3)PF{N(CH,)., 


C H.PFAN (CH, ), bULcRUOL C HEPF3N (CoH.) 5? 2¢ Why would 


(CF) 5PF, ioe require more rigorous conditions than 


gHgPF3N (CH) 5 


The assumption of a hindered P-S bond rotation to 
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low temperature limiting spectra of the various 
methylthiophosphoranes implies a partial multiple 
character of the P-S bond. This appears to be CaCI, 
assumed in the literature /4 but has not been confirmed 
by physical or chemical means. It would be interesting 
to investigate the character of the P-S bond by say, 
photoelectron spectroscopy. Perhaps the sulfur lone 
pair can be used as a probe in a comparative study of 
the methylthiophosphoranes and compounds where a pt-dt 
interaction between sulfur and phosphorus has been 
established as well as compounds known to have only sigma 
bond petrecnnene two atoms. 

The present state of pentacoordinate phosphorus 
chemistry is such that intensive, rather than extensive 
research is called for. A considerable number of 
compounds belonging to various series of phosphoranes 
have been prepared and studied to show certain trends in 
chemical and/or stereochemical behavior. There is a 
need to answer the questions about the existing phos- 
phoranes before preparing new ones. It is hoped that 
the work reported in this thesis will have furthered the 
understanding of the chemistry and stereochemistry of 
trifluoromethylhalophosphoranes and will have provided a 


basis for future, more detailed studies. 


Why & o+seelw BAaeGgmes bas 
asad vst abmndgeodq Baa sth elt 
prota yitte ever ot avoad ehavcgmoo 8s ftv 'se! 
-ehots ONT ena) 
anthineodg sganlSreeontieg to ages sai aan 
nviansixe helt sarlama oetuniosak Fada ove at 
20 tedeun Stdavedende A “408 belies at 
sénovedtaota 20 ewites auolser od pabytibled ebavoquen ) © 

at abeers atstued vole oF Berbole tee a 
6 4} seed’ (solvedsdl Sav imetresese a0\bas — 
~ aortg onitetie etd fwotu asoltessp edt yowens 
fads beqod ef of casmo we Briteqieig etoted" 
eds bevertexa) spect 1120 Sieeds aids al Bedtoqes 
ty ysonimerioce 938 bas YIseirens sf} “12 


a bebiverqg ved [ftw Otte Bera todqandgoL 
-eaihude belie ob vem sSameu 20Y eet 


a 
‘a 
a 


7 


¥ 


Hes 


oe 


14. 


288. 


REFERENCES 


J. R. van Wazer (ed.), "Phosphorus and Its Compounds", 
On 1281, Interscience Publishers, Inc> mw New vork =ilool). 
oe GULOWSKY,. De a eMcCal 1 ancdaGueEre Slichter yaw. 
SDeM een Var les 270ml 5 3) 

Bowie bennett, H.al2 Emeleus, and R. N. Haczelaine 
Seachem oOC. «156. 50n 1050 \e 

RemochmutZ Ler Inorg a Chem. oy SOR 64)T. 

(a) eer eNO, 6 Chem. and ind se 155 5 elioiou me 

(DMA Be burg and) G. Brendel, 3. Amer eChen soe, 

ts SAUSHeS TRS ae) is 

iio «) hate anda ha We. cchurnbloom, J.) Amer. chien mooce 
PO mea AI 2 C9 /3)) 

Bo Lb. Muetterties, W. Mahler, and R- Schmitzier,. inord. 
Clive go) tienes GE eae 

E. GL. Muetterties, W. Mahler, K. J. Packer, and 

Re Schmutzier, Inorg. Chem., 3 pe ST ENS Mey eo, 

(ayuR, 0. Gillespie, J. Cheme Soc.7,6 46/2 a(1 0630. 

(jee bid p. 46/9 

Bo Re folmes,, Accts. Chem.) Reetpyo 9c Om Laer. 

Pei Muetternties, Accts., Chem Res.) s3 ee Com 7 00R 
PoaoG. van der vocrnm and 2. 'S. Drago jue Aiea ewaem. 
OGee ool aco Gn (1G 3)2 

weeoe Gheldrick, 0.) Chem,150C.y; Dal lOnvee so Ul oee 


F. Ramirez, Accts. Chem. Res., 1 168 (1968). 


Ce 7 one ib. 
ideaad 


del sali a ‘wien auiow oh ae 
Ps 
beady eben” 098, mort ment 


ewer) ob © ome esr aecasumdes A 


‘foer) ane. ~tat Gan maths wont “ 7 


os Jeet len ‘a Ulébna34 on ben awit a ah 


(seers were 7 
vot ait Tet «f «ema igaxgT W -s er eee I 


SCeneny Suse , ‘ee 


tort sala snes oF eS , ee” dan 4 Ae vd a a. 
een Gas ote 


—_ 


bey \nQllaet oe » te tte 1 sabe easton Ka en 


my 


thes : 
ieee) FeEL 2 eal: ~e peel “aolasundton . 
, (aes Stes ee mel. oiquatris -t. 8, tel e > 


ae 2 tae 
etab 4 pial id) : 
ew oP ° 
ei ot vi) ges A tee endtaoa 2omlor af A ‘bf 7 


ae who 


Os 
AGWLY 228 2 a oe ‘evden .25hsseetoul .<t.2 SER 
coi ad «vt WEA Can. sxsw! oh egw 3 aE 
“> (eae) wee 88.30 
a4 


eer) see “anata > ‘Bst3 2% sxobrbieda 62 
eee) pat f \.e0t fed. .s2oeA sey rbanat yt 


past 


Ge 


he. 


se 


His) 


20. 


PS 


22. 


Zire 


24. 


Ze 


2G). 


ae 


Zoi 


289. 


(a) K. W. Hansen and L. S. Bartell, Inorg. Chem., 4 
eon 1.9.6 5) 7 

ey) “TaUGlA Tei ay Pr yh. 

W.- J. Adams and L. S. Bartell, J. Mol. Structure, 8, 
Zome Glo 71.) 0, 

Hey tOWsand Lo Boa barte lla Mol Structure ml! 5am209 
L973 e. 

R. R. Holmes, R. P. Carter, and G. E. Peterson, Inorg. 
Chem., 3 1748 (1964). 

Regk.) Holmes, J. Chem. Phys. ,) 46 3718 .(1967)s. 

Reek so HOLMeS eka Mos DLetern, sand. .A mica len me lnOrg. 
Chem., 2612 (1969). 

Re eR vOlmes Vand M.Ed) Joe Chem. ePny Sia ome 46 1 
GLOO) i 

UpeleeGritiiths, J Chem) Phy c.),64 es 510 eGL 964s 
Hota Gri et ths pode Chem. Phys, 442 OG Om LO Oo). 


Wemie GiGi fiths; aie, Chem Phys 74 Ole 30 /seClob ODe 
Jeet Gia feito ln Chin ACt os mime. oi, C1967) = 
(aD Poulin, anda Re. Ge. Cave la inorGg.mCnem sar 
32 Ae LO Ae. 

Ney) “SMesrely jee CHIMles: 

RAGoRGAVE] lt) Dae Dee POUL Ny wh melee leg meclliGy 

Nee von. nsOnwecCuem.. COMM.) 06 Lome Glo (4) me 


(AyEKeul. The and) Ra G.. Cavell, Ghems Comme, 279 


G5) e 
Gay) sh elal, Bem FANG & 


eS a Maier d 
| . >. Aan 54 et 
tickle OTTES 45 


ees Fe ae 


a 
8 ,wtwiocwt ou poe ‘ 


. 
‘Y= 7 a 


5 | ee, 5 


: Eh he 
eos 25 ,exvoouwe® slow «t ,fLadaee oad 
i . Z onl 


= 


® 


; ; < NY tio <f 7 
ytoat .meeyeset « «2 Bow ,seden0 «4 wh « fi Ps 


. (baer) aot 2 wat 19) ad aie 
_(rvet) G86 ah ..eeet marta “ +semios Rot | ve: 
kt bre Ce spontot oe ee 


grodtl ,aelse 


‘4 2 
bet) thats soa - 
’ “s 
(ifs £2 . git etd ae bir om Bets, sation real ft 


i tore 

¢hper) of2d. Oh y<8ght aed b,adghtaise 3 bal, = | 
(net) Ve BD yout madd 0 pend sratnd a ve * 
_vebet) VOR, gh aye ono. Sedetiae aw i | 


Aaa) TSE 2 OR mae. ‘yadgteiin 431 as 3 
5) yma? «poamr. fiedea .& 2 bas linet .¢ a. 5) 
a are) “ase , 5 


S108 a baat id P 


- 


* 

Dat ad? «de % aPtaes a a “itew 2 a ‘an = 
hk 3 el at wenn 

ore , .iitnat SS ie mh <a a to) as 


~ 


Zoe 


BOF 


Oe 


SZ 


Sh5ne 


34. 


i. 


56. 


Bilge 


bya 


BUe 


20 0e 


D. F. Shriver, in "The Manipulation of Air-Sensitive 
Compounds", p. 3, McGraw-Hill Book Company, New York 


VU G9)* 


S- S. Sawin, Ph. D. thesis, University of Wisconsin, 


Ket. the, Depar tmentroreChemirstry, Univernsutyeor 
Alberta, personal communication. 

(ayhAs Be burg, Ke Joshi and Ul Gee Nixon woeeenmer 5 
Chemsoc. oo Sl (1966): 

(D)* ACW B- Burg, and D. K. Kang, personal communteation: 
(C)MR. 9G. Cavell ea. We Pinkerton, >. De ebOoulen aan. 
A. J. Tomlinson, unpublished results. 

Vewvlark,; Crt. Dungal, i. ie Cruccir. orc sand 

Ue Re VvaleWazer, In 1Oplcs in Phosphorus Chemistry s, 
John Wiley and Sons, New York (1967). 

R. G. Cavell and K. I. The, unpublished results. 

Ghar. Muncgan, and * Rew van Weaver, #in COND Ela Groner 
Reported pe 2 NMR Chemical Shifts", Wiley-Interscience, 
New York (1970). 

Rem CeMCaAVe ae Cem. SOC, Looee we oss 

Be " Thesand Re Gw Cavell, Inorg. Chem-s,) ars 25s 
ESIHS dhe 

R. ‘Schnutzler, J.. Amer. Chem” Soc.7 86°" 4500 (a9 Ga") -. 


che-C.l Peake and R. SChmutzler, J. Chem. Soc., (A), 


i) 2965 Gs//0") 


" 7 J 
cs 4 by 
Lacergt ve 20 i eile tho a 
" am 

; . i 


' - ee | ese 
: — ef: 5 erat"). SrsmI7zéegetl | 
‘5 ote oeete (z7@-% aet'> 7. aes 
5 > ~~ : Se 


i 
;ant eed umes) LBAON: . 


“<é : ba 

aa), oe ida t, ”. a tale 

| vt ee ie 
aed) fe err 


itootmimms lseorteg , gree .2 q bia “ he sae é 
‘3 .oitéev .2 .4, ,eoeedat 7 LA -* seed 

wale at bode Sdde At ree 

ota ert oo ia +: wimg At sas F 

wtame'D = al? at aviner z ree Pee 

{VME oth wae es 9 tas yo ite dal 

te cet Bad ia tiine ku: ‘ide’: 2 a sal sted 9 

nee Py peat, Wed id “% pie ni = 


7 


3 


| dmorzei 
' 
69°S1- 36702 ae saa itite seat Sit a a bors in 
| . 7 a ~ Z : a 
; z 2 x . Ares iva 7 A 
‘ORG = 
ney TEE ¢ ROL <a A nee 
nies fare Jyahage Eto, = a it 


ia ody 
er) oe ae, cow a 
a me wali ae 


Pas a 


40. T. A. Blazer and R. Schmutzler, Z. Naturforsch., 24b 
HOS (139.69 )s. 

41. UL. C. Thomas, in "Interpretation of Infrared Spectra 
of Organophosphorus Compounds", p. 276, Heyden, London, 
(1.9.7,4)) 5. 

AD eee. Cavell lee). sAswGibson, and) Kas> Ther unpublished 
results. 

4372) Jeet Nixon,2 J... Inorg... Nucies Cheme, Sigg 61599 6 97: 

a4™) A= Az Pinkerton, and |R: Gi, Cavell; Inorg siChem:, 10 
Zi] 2 Ome CLS i7e1s) <, 

a5ee oe Ce Chan svandeC.4 J, qWillisie= Can J -g Chem 4546 gel 237 
CH96.8))5. 

AGoe Remi. Cave Ul. wA. Ase Pankerton; W. Sim and A. J. 
Tomlinson, unpublished results. 

Age. Dew De Poulin A. Jcevlomlinison ,tvand, RewG-s Cavell lm ineroe 
Chena Depressi nu) OM da. 

AS ee Ace.) BUrGeandso.p 6. Grit tuths pueeAncmechnemm soc, 
C2 es oA ge 96 0)y. 

495 He Sk Gutowsky \and CioJ.. Hoffman ,@J.7Chem-@ Physeg, 19 
12.5 9ee (19a) 

50, H. S< Gutowsky and| DD. W..McCall, J. Chem. Phys.) 22 
T62ee(054). 

Giese Aw) Saaka and CG. PreSlichter, JeiChem- Physi e22eeeo 
G95 6))r 

52e) Je An Pople,;wMole Physe, ljq216/(2958)5 


53. L. Petrakis and C. H. Sederholm, J. Chem. Phy Sevae3 9 


P2430 (L961). 


yroed) A205. SE ysead> foun pret 
OL modo .pttnD ,Llaved <D A Bis 
; a... ignuenars 
ee Ae 
eee ae 
U7. bie ate at iceraaitals oA ish: ‘thee ae ly 
89 lueos bade : idaqant 
prod! $fleved .D «8 has se0Ad ino? 9% AL ght Luo% 
| de usage > (ete, gue te 
22d? <Send: beh J 5 bos gu a _ 
homer) Mee, SB° 7 

Oc ,.2ytt .oodd 0 (namdtew.. .d baw Mere | ‘ 
a theer) £6 
GE a sounds 0 a 2 na 


54. 


Soe 


SKoe 


Say 


Sye 


ah he 


oO) 


ai he 


G2 


Coy 


64. 


AS Ae 


J. A. Pople, W. G. Schneider, and H. J. Bernstein, in 
"High Resolution Nuclear Magnetic? Resonance", p.) Lid, 
McGraw-Hill, New York (1959). 

J. W. Emsley, J. Feeney, and L. H Sutcliffe, in "High 
Resolution Nuclear Magnetic Resonance Spectroscopy", 
VOl. 2, p. 871, Pergamon Press, Oxtora (lo50o)" 

F. A. Bovey, in "Nuclear Magnetic Resonance Spectro- 
scopy", p. 211, Academic Press, New York (1969). 

Jee Vall Wazer, CC. f. Callis, Ue Nw cloOOler vy mana 
Ree VONes, J. AMer. CUCM 6 s0C.,) omy Pome oT 
Wiehe Vall Wazer and J. Ha. Letcher, Ine fOpl1ese rn 
Phosphorus ‘Chemistry, vol. 5,° Dp. fo, WON mi elevmanc 
Sons, New York "(1967)= 

Dares Gvalis, MOl. PiHys.,, 9. 205 (1902). 

erie Pusey, 3. 'heeney;, and i, (H.goutels ties in. Hach 
Resolution Nuclear Magnetic Resonance Spectroscopy", 
Vol DD. s0-1ol, Perganbiee ress, Ox Loum (lobo) 7 
eee POpLe, LOC. ROY. o0C. Asc son one dg es 

weer Howard, Do. RaeRusse | I) ands, inipecty cone. 
COMM.) =o 20 8970) 

ROC aGAVell, WS  AssGilbson, and ei. ei VC verUn@UD ia cle 
results. 

®. Rauk, L. C. Allen, and K. Misilow, J. Amer. Chem. 
SUCcw yoo 3039 (1972). 

Tt. ay Aitmann, K. Yates;eand 1.°G.” Csizmadia, jal. Amer. 


Chem. Soc., 98 1451 (1976). 


ane 


a i 
“ ald van 
eb: : a! : ie aim 
EUs . . at ees 4 


= vung ales 
. gaie seat: 
dent ox jaan i ea | onal - 


bunbaot tage gonna bs tema " or 
(aateh Didind aedee dodabade fe . 
-rugs08 wamadbaidtt Aderigad -matson" puesto ny 
(eae: Sesett Weal (eneet SinaBesn SSE yaeON 
to eee WE Geta. 1! eDP ene hae Me od 7 
(seen) Save, wt ahi «tte tt> re, rs aa 
ni) eso -@b paeigwad.a. -t bua 26e0H nse ce a 
dew «ell wdee wah qe Te stew. *yitedawde éuroitgeod? i 
3 C GRTROLY Wad Wor canoe ae 
(ee cer Y ..ewet tolejensid OE ee 
fort” 2. Lit, Sb ele eet x alam Hae 
Oyygn ee Yeosa eemae A an Gepen ia alam diaetoaaadl 
. beak) Beta erie ae “ag'vi cn? 


i: 
. 
x 


ee, see? oF Saey Monat 0 jbzewor > 

(everp aes ‘aes bh 

ouptg hie (ath toa a Sasi AU Rte Fab on 
"west 

oid coef th abakeaet DE Rha eta 6S) a? ee ~ 
(fer) 2eoe be (008 

Ase Sia AT Ae Ne eaet 9: eee AN oe a 

cere) cant age sede Lite” i 

To regis : 


“ise 


66. 


67. 


68. 


eke 


Or 


ifiby 


2 = 


Usk 


74. 


tax 


76. 


U1 


TAS 


12 


80. 


e235 


A. Strich and A. Veillard, J. Amer. Chem. Soc., ao 
Bi] Amn Gl9i73))x, 


J. H. Howell, J. R. van Wazer, and A. R. Rossi, Inorg. 
Chemnumlse WAT A(1974).. 

H. A. Bent, J. Inorg. Nucl. Chem., 19 43 (1961). 

E. S. Gould, in "Mechanism and Structure in Organic 
Chemistry", pp. 250-296, Holt, Rinehart and Winston, 
New York (1959). 

Reeuoftmann,#J<.M... Howell). and. be. L.eMucttertieces m0. 
Amer. Chem. Soc., 94 3047 (1972). 

Be wee Rundle, Rech ofe Chem. Progr 236 1960(1962)r 

She 13h Florey andJiawC.e.Cusachs, “i-eAmer.. Chemss oOChs, 
94483040 (1972),. 

Rem Goe Cave lviewR.«@ Des Leary, and A. J.) Omlinson,: mInocd. 
Chem, pol 1eg257 89.(197 2.) 

J. Musher, J. Amer. Chem. Soc., 94 5662 (1972). 

Remo SBCMr Vy. Chem.s Phys ,as32e [ade 196.9) 5 
maUgayjwepey Marquarding,®Hs Klusacek,) and@Pp ea Gi liespie, 
Accts. Chem. Res., 4 288 (1.97A4.) 

GuaM. Whitesides and H. L. Mitchell, J. Amer. Chem. 
SOCH elem 394/°(1.969 )7 

Be peeDalton, Jeechem.s Physe , 9545687 45 Gale Alia hes 

@. 1Saudohnson ands C sGee MonelLand ed. Chem.abduce,) 20 
At Te (97 3") 4. 


Ra AmeeSack), Moles Phy se, alegeuo3ds Gb9.58)% 


‘sntdeaeadhl da alii  ffewoll Ms! 

-Cepedy TMS pew ~ 3 ; 

(heel) ROL £8 \apomt ec dea aOR oA lh: af 
008 med. twa | \adosevo ) -4 bas ¥ \ se) 

| “eon mani ® ey 

evant ,nonnilmoet,<& .A.bre,,yaaed 2 sAdaved 9: fi ‘i 

poy) APS TRE BAR AL madd, e 

,(e7eL) Saae Be «mod sande 1 9% mR 

ASBCL) EEO SE iy dyes ont 9b. yraed, - Bf 

(prquel hip .¢ bao ,dpcseatt,.2 ouEsraupaam, CAP ds 

(UPRL) 2US 2 «Rei -Mgdd, e290 

mov!) .rewk .% iftedsdiM «i .i tee eebbeaaten Bo 

| ". -f@aet) BOG, £2 yank 

(aves) Hath * 4<9YtT mod .U nosed +l of 

So coh .B dskeaeh .2 .2 dom gonadal. .B 4d | 


| (ERED ETP 
dsniitl, tan ss cosiet a 
: G2? i ae 
‘naa 


o% 


» ¥ : a 7 


81. 


cer 


83. 


84. 


85. 


86. 


B/e 


Bor 


89. 


20% 


294. 


R. M. Lynden-Bell, in "Progess in Nuclear Magnetic 
Resonance Spectroscopy", vol. 2, p. 163 (1967). 

The program EXCHSYS is a shortened version of the 
program of the same name obtained from the Mass. Inst. 
of Technology and established at the University of 
Alberta by R. G. Cavell. The theory and strategy 

of the calculations are described in ref. 94 and 95. 
The program ACTEN is a shortened version of the program 
EXEN obtained from the Mass. Inst. of Technology and 
established at the University of Alberta by 

R. G. Cavell. For details, see ref. 95 

G. Binsch, in “Dynamic Magnetic Resonance Spectroscopy", 
p. 45, LL.” M. Jackman’ and’F. A.» Cotton (eds.) Academic 
Press, New York® (1975)% 

Tom Nakashima, University of Alberta, personal 
communication. 

Gee Ge Moreland, ef. al. , J. Amer.) Chem. soca, sol 

AA Se bl lb bi ba 

UAW. Gilge~ Rew Braun, and=At He. Cowley aichem: 
Commis, Glo L974") y. 

Go. CaMore land @ G2 .0 Doak. andi iB. abr erreldy, 

ee Amer.) Chem. Sock, 95 °255 CLS 73) 

W. Mahler and E. L. Muetterties, Inorg. Chem., 4 

S20 (19'65)*: 

The program NUMARIT was written by? Jie etal tint 
(University of Alberta) and kK. Wervill (University of 


East Anglia) and was provided by J. S. Martin. 


2 esters vf asia ind | 
greene: se uclbe wat er) ney ‘ 

20 ade YO Tie nk Bad apliet ote a aoe 
neseor? sft Yo nokexew fewadiode « al er 08 pos | ae . 
one ypokandie® 20).jeat .daaM ss mor b ido 

yd eriadi& to Ysteup loll add ™ eat 

ee Ast Bp olledsh det hlewaD 0 

yee —— so uinodet obtennsM Shes wt ‘ibaa x 
~kmabewit (. dhe): deatitat ws A bers neat (ME ebm 
290) Ste wo, sve | 


{2.,.208 .19aD . Taine my Bs . i Sy ue & 
~ sctaset) as a8 | 

mech ycoiwed 2) A Bae Pivot 68 cept ate 8 
ti | , | 1 Jeeves? aL ae e 
olaieiIwia .2 ft Bas det 0.9 (basher .O = 


LECER) 2ES) 2e, rod ore 
<reHd gro9T NeskavesyouM gel 


: co. * - es . 
nidaett .@ Joye | 
30 sare eaten Skivastt 


oe 


a2, 


SS 


94. 


95. 


963 


ae 


NS le 


Oe 


100. 


Ode. 


LO 2 


2953 


K. I. The, S. Pirakitigoon, and R. G. Cavell, 
unpublished results. 

J. R. van Wazer and J. H. Letcher, in "Topics in 
Phosphorus Chemistry", vol. 5, p. 169, E. J. Griffiths 
and M. Grayson (eds.), John Wiley and Sons, New York, 
(1967). : 

W. Mahler, Inorg. Chem., 2am SSO GLI6 3a 

J. K. Kreiger, J. M. Deutsch and G. M. Whitesides, 
Aneepe shy (Giese Bers | alleychey (CMe)9/ 2) 

J. K. Kreiger, thesis, Mass. Inst. of Technology, 
BOSEON Mass. o7a re 

By comparison with an authentic sample. 

Ree UP rackely,,cJ.) Chel. soOCs | 96000 (1o035)— 

Ree Dem DUGGAN mb. Mishra» bnObG-mCiell.,micmuml 29 
UL9.G9)) i 

Ma Bisenhutc, et. al., J. Amer. ichem ss S0C 75 960m05305 
(1974). 

GuailimManatt,aD.) Ds Elleman, A. oH.sCOWLCYV cana 
Reeperburg,, 0. Amer. Chem. SOC. ; G9 045445 (LI07). 
Der. C. Corbridge, in’ “Topics in Phosphorus Chemistry, 
MemGrayson and ch. sUe Grittithse (ed )isinvensc1ence, 
New York, 3 5/7 CUO 66) 

The term "pseudorotation" is used to mean a general 
intramolecular ligand exchange without necessarily 
implying any particular mechanistic pathway. It is 


distinct from the use of the word pseudorotation in 


wif it2ine. 8 AOE ant 9B aie owns 
areyY woll .s0aa) bes ‘vatha dot. m ’ Pat 
VA! A Sle Me ee a ae 
(~(éaels oes ‘e oe 
aohseediam. .M .D bas doedued eM - 
-cteen) 262i. BL vs 
veoleatost te deat alee ateens serene 
| hf QOL) .—2e8 nosnod 
olqmen ortnedsih ne diiw possangnoa Ne 
, (EROL) 238.968, \tQED 4) saiaad ta v1 
ecii 38 ,.metd> .prant ery 1 bine’ give <a 7 
ABD a 
Pace a2 ,.oe wot —20niA «WY . £8 tS Pudaoatt, 4 ne 
fe sie aren 
bie .vetwou .f fy emehls .0 «do <tdeaeh a Be f 
A8BOL) 2620 28 ,, 903 «edo ~ xem «bt. «pzed ye he 


“s 
7 
4 


*yatelond? swrodgecd? ar nae, all aa .2@bi 1d108 288 Ke 
veogeianunaat {{.deh eaaiaeasd).% ~ bats aad nied a 
, (adel) ee.& aay 
Ietodey 4 AaGm OF vont eh, nokhateaneganaes ve | a § , 
‘¥litesasoon duodtiw spasstaxs baopbt c ‘ened a8 _) 


—— 
eh s 


wd 47, .yawildag atvedeadoen aptostanna x — a 


vi ery dg, 20, anya b doe kb 
y a "} te ore 7 
_s ar ed oe a rz 


296 


Berry Pseudorotation (BPR) where a particular pair- 
wise exchange mechanism is involved. The general 
usage of the term pseudorotation thereby includes 
BPR and the equivalent TR mechanisms or any other 
process which is permutationally equals 

POS me mAs oZzymanski, in "Progress in Infrared SPeECLEOSCOpYy., 


vol. 2, pp. 127-151, Plenum Press, New York (1963). 


a. . y ' ‘* 
asbuiowt Pret Chore a) necenareaire oo 
| goddo yAa to ema titedosm i saehevl F 
."yqooegstoec@ bewsatal wt Bgesposs" ak. 


(2980) txo¥. walt! baeet moe le 


a cop < @ si er fs A 
7 7) 4 a a aan a 


ie’ ¥ eee 

ein 
san] : ee | Aas 

Ri . 

oe 7 

’ : ‘ 

Ea 

7 uh ‘= 

7 ae ee 

vy ’ am WOT 
4 7 { e jm 48% 
ee é 6 Delle 

¥en Ae. ¢. B : AS > — (rer? 


APPENDIX 


The following tables (1-6) give the K matrices used 
toecalculate 315 nmr spectra of the exchanging phosphoranes. 
Simple product functions were used to assign the lines in 
the spectrum rather than the correct symmetrized form 
functions because the former are more convenient to handle 
in big systems. This practice has a.non-detectable effect, 
within our limits of error, on the behavior of the spectrum?” 
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TABLE 1 
K Matrix for Axial-Equatorial F Exchange 
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C. Concerted "BPR" and Rotation 
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FOOTNOTE FOR TABLE 5 


One of four submatrices. The quartet Splitting vopetie 
Spectrum arises from coupling of the phosphorus with 


the CF. group. Complete reproduction of the Shs ~ {tu} 


spectrum requires that this matrix be repeated four 


times with line spacing determined by 25 5 
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FOOTNOTES For TABLE 7 


Except for the ions (see note d) reported in this table, 
¢ values are in ppm relative to internal CC1,4F standard 
with positive values indicating resonance to high field 


of the standard 
tT ppm relative to internal tetramethylsilane, t = 10.0 
units in Hertz 


In CD,CN solvent, > values are in ppm relative to external 
ccl,F standard with positive values indicating resonance 


to high field of the standard. 


. T ppm relative to external tetramethylsilane, Tt = 10.0 
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